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Section  19:  Abstract  (continued) 

ments  of  the  bovndeucy  layers  at  the  mixing  origin  were  also  recorded,  m  addition  to  rapid¬ 
ly  responding  pressure  and  temperature  probes,  small-scale  gas  sampling  probes  with  collec¬ 
tion  times  c£  approximately  40  ms  were  used.  After  each  test,  the  ^^action  of  the 
samples  was  analyzed  by  measuring  the  thermal  conductivity  of  the  gas  using  the  Firani  and 
Baratron  gauge  reading  comparisons.  Radial  profiles  of  both  velocity  and  mole-fraction 
were  determined. 

In  the  report,  the  operation  and  performance  of  the  innovative  jet  apparatus  and  diag¬ 
nostics,  and  the  flow  initiation,  jet  synchronization  and  operational  envelope  using  various 
gas  mixtures  aze  sunmarized.  Pressure  and  temperature  histories  identify  features  of  the 
starting  and  terminating  treuisients  and  the  chcuracteristics  of  the  quasi-steady  flow  used 
for  testing.  Samples  of  pressure,  temperature  and  species  concentration  distributions  at 
various  axial  distances  from  the  exhaust  pleme  illustrate  the  data  obtained  during  the  ex¬ 
periments.  The  measurements  obtained  during  the  experiments  are  discussed  from  the  point 
of  view  that  identifiable  trends  emerge  in  the  supersonic  mixing  behavior  vdien  jet  density 
and  Mach  nunber  are  varied.  Accordingly,  the  results  have  been  divided  into  tluree  major 
groups  wnich  describe  the  influence:  (a)  density  variations  on  the  mixing  of  ■  4  into 

the  outer  stream,  (b)  density  variations  on  the  mixing  of  >  3  jets  into  still  ambient, 

j 

and  (c)  Mach  nunber  variations  oii  the  mixing  of  high  and  lew  density  jets. 


^  ^  ..i  .  a 


FOREWORD 

Calspan  has  conducted  a  series  of  non-veacting  turbulent  jet  mixing 
experiments  utilizing  innovative  short-duration  test  techniques  and  fast-acting 
diagnostics.  This  program,  under  the  sponsorship  of  the  Air  Force  Rocket  Pro¬ 
pulsion  Laboratory  (AFRPL),  covered  a  36  month  period  from  1979  to  1982. 


The  experiments  were  conducted  in  separate  phases  that  furnished  the 
Air  ''^orce  with  milestones  and  decision  gates  before  each  succeeding  phase. 

A  very  close  liaison  withthe  Air  Force  technical  monitors,  T.  Dwayne  McCay, 

A.  Kawasaki  and  P.  Kessel,  existed  throughout  the  program.  In  addition, 
frequent  technical-direction  meetings  were  held  with  the  RPL  Advisory  panel 
consisting  of  T.D.  McCay  (RPL  and  later  NASA  Marshall),  H.  Pergament  (SAI), 

B.  Walker  (Army  Missile  Commund),  G.  Brown  (Cal  Tech),  A.  Roshko  (Cal  Tech), 
and  R.  Rhodes  (ARO,  AEDC) . 

The  technical  activity  was  detailed  in  monthly  progress  reports 
in  addition  to  the  Technical  Direction  meetings.  Several  reports  were  published 
during  the  program  in  which  experimental  data  were  submitted  to  AFRPL  on  a  timely 
basis. 


The  program  was  conducted  by  the  Aerodynamic  Research  Department  at 
Calspan,  utilizing  a  number  of  key  technical  people  as  part  of  the  experimental 
team.  The  effort  was  initially  led  by  C.  E.  Wittliff.  Subsequent  phases 
of  the  program  were  completed  under  the  direction  of  C.  Padova.  Additional 
contributors  were  W.  Wurster  and  D.  Boyer  in  the  areas  of  fast-acting  diagnostics, 
data  analysis  and  experimental  techniques,  aiid  P.  Marrone  in  data  analysis  and 
program  direction.  The  efforts  of  R.  Bergman,  S.  Sweet,  M.  Urso,  C.  Bardo, 

F.  Urso  and  R.  Hiemenz  were  also  central  to  the  success  of  the  program. 

The  reports  which  were  released  as  part  of  this  effort  are  listed  below: 

1.  Non-Reacting  Turbulent  Mixing  Experiments  CDRL  Item  1,  8  January  1980, 
"Program  Plan"  Submitted  by  C.  E.  Wittliff. 

2.  Calspan  Report  No.  6632-A-l,  25  July  1980,  "Phase  1  Test  Report" 

Submitted  by  C.  E.  Wittliff. 


iii 


3.  Non-Reacting  Turbulent  Mixing  Experiments,  Augtist  1981,  "Phase  0  Test 
Report"  Submitted  by  C.  Padova  and  W.  H.  Wurster. 

4.  Tubulent  Mixing  Experiments,  18  November  1981,  "Illustrative  Raw  Data  from 
Phase  1/81  Tests"  Submitted  by  C.  Padova. 

5.  Non-Reacting  Turbulent  Mixing  Experiments,  20  November  and  3  December  1981, 
"Phase  1/81  Data  Package  (and  Supplementary  D.P.)"  Submitted  by  C.  Padova. 

6.  Calspan  Report  No.  6632-A-2,  August  1982,  "Phase  II  -  Test  Engineering 
Report"  Submitted  by  C.  Padova. 

7.  Calspan  Report  No.  6632-A-2,  September  1982,  "Phase  II  -  Test  Engineering 
Report.  Supplement  No.  1  -  Data  Plots"  Submitted  by  C.  Padova. 


t  ’  . w  j>» wurj.fU-ri’y." ipj  jm'J" ipj jj'^j '."j L*jy 

! 

1 


TABLE  OF  CONTENTS 


Section  Page 

1.  INTRODUCTION  .  I 

2.  EXPERIMENTAL  APPROACH  AND  APPARATUS  .  4 

2.1  EXPERIMENT  DESCRIPTION  .  4 

2.2  TEST  FACILITY  .  5 

,  2.3  TEST  ARTICLE  .  6 

2.4  INSTRUMENTATION  .  8 

3.  PROCEDURES  AND  APP.ARATUS  PERFORMANCE  .  13 

3.1  CALIBRATIONS  .  13 

3.2  DATA  ACQUISITION . . .  16 

3.3  JET/STREAM  CHARACTERISTICS  .  22 

3.4  DATA  REDUCTION  .  30 

4.  RESULTS  AND  DISCUSSION  .  34 

4.1  MIXING  MEASUREMENTS  .  34 

4.2  BOUNDARY  LAYER  MEASUF.EMENTS . 37 

4.3  INFLUENCE  OF  DENSIT/  ON  THE  MIXING  OF  M.=  4  JETS 

INTO  M  =  2  AMBIENT . * .  37 

4.4  INFLUENCE  OF  DENSITY  ON  TOE  MIXING  OF  M.=  3  JETS  INTO 

STILL  AMBIENT  . * .  42 

4.5  INFLUENCE  OF  MACH  NUMBER  ON  THE  MIXING  OF  JETS  AT  HIGH 

DENSITY  AND  AT  LOW  DENSITY  .  43 

5.  CONCLUSIONS  .  45 

REFERENCES  . 47 

APPENDIX  I:  MIXING  MEASUREMENTS  .  104 

APPENDIX  II:  BO'JNDARY  LAYER  MEASURD-IENTS  .  144 


V 


LIST  OF  FIGURES 


LIST  OF  FIGURES  (Cont'd) 


Figure  Page 

23  Radial  Variation  of  the  Measurements  in  a  Typical  Wind-On 

Test  Case  .  .  86 

24  Reproducibility  of  the  Data .  92 

25  Comparison  of  Radial  Pitot  Pressures  with  and  without  CLT 

Nozzle  Extension . 93 

26  Illustrative  Test  Run  Stunmary . 94 

27  Illustrative  Calculation  of  Radial  Velocity  Profile  .  95 

28  Variation  of  Jet  Composition  from  Nea.*  to  Far  Field. 

M.  a  4  Jet  Discharging  into  the  St^personic  Stream  With 

Density  Matched  .  96 

29  Variation  of  Pitot  Pressure  from  Near  to  Par  Field. 

M.  a  4  Jet  Discharging  into  the  Supersonic  Stream  With 

Density  Matched  .  97 

30  Velocity  Variations  frcm  Near  to  Mid  Field. 

Mj  a  4;  M^  a  2;  Density  Matched  .  98 

31  Influence  of  Density  Variations  on  Velocity  Surveys  at  40  R. . 

Mj  “  2  . ^...  99 

32  Axial  Decay  of  Jet  Core  Composition . .  - .  100 

33  Influence  of  Density  Variations  on  Core  Length 

M.  a  4,  M^  a  2  .  101 

3 

34  Pitot  Pressure  and  Composition  Profiles  in  the  Mixi-g  Jet 
at  20  R..  M.  a  3  jet  Discharging  into  Still  Ambient 

with  ^ Density  Matched  .  102 

35  Composition  Profile  in  the  Mixing  Jet  at  20  R.. 

M.  a  2  Jet  Discharging  into  Still  Ambient  ^ 


^with  .  103 


vii 


LIST  OF  TABLES 


Table  Page 

I  Nozzle  Coordinates  . 48 

II  Specifications  for  Hydrogen/Nitrogen  Gas  Mixtures .  49 

III  Matrix  of  Test  Cases  .  50 

IV  Completed  Data  Points  .  51 

V  Data  Points  Surveying  the  Nozzle  Boundary  Layers  .  52 

VI  Measured  Nozzle  Parameters  .  53 

VII  Initial  and  Reference  Parameters  for  the  Mixing 

Measurements  . . . .  54 

VIII  Initial  Velocities  and  Actual  Density  Ratios  tor  the 

Mixing  Measurements  . .  56 


viii 


LIST  OF  S’i'MBOLS 


BL,  GP>  S  De3ignation  cjde  for  the  diagnostic  probes  (as  identified  in 
T,  RC,  TR  the  text  at  page  19) 

M  Mach  number 

MW  Molecular  weight 

P  Static  pressure  in  the  flow  field 

P^  Initial  (pre>test)  pressure  in  the  charge  tube  of  the  jet  or 

outer  stream  (CLT) 

P  Stagnation  pressure 

t 

P  Pitot  pressure 

o 

R  Universal  gas  constant 

R.  Radius  at  the  exit  plane  of  the  jet  | 

^  i 

Initial  (pre-test)  temperature  in  the  charge  cube  of  the  jet 
or  outer  stream  (CLT)  : 

j 

T^  Stagnation  temperature 

U  Axial  component  of  velocity 

X  Axial  distance  measured  from  the  jet  exit  plane 

Mole  fractions  of  Hydrogen  and  Nitrogen 

Horizontal  and  vertical  reference  axes  with  origin  at  the  center 
of  the  cruciform  probe  holder 

ix 


I 


? 


Local  gas  density 


y  Ratio  of  specific  heats 

SUBSCRIPTS 

c  at  centerline  in  the  mixing  region 

CO  core  of  the  jet 

ct  in  jet  charge  tube,  upstream  of  venturi  throat 

ref  ambient  level  in  the  test  chamber  prior  to  jet  initiation 

j  relative  to  the  jet 

oo  relative  to  the  ambient  surrounding  the  jet 

COMPUTER  SYMBOLS  USED  IN  THE  TABULATIONS  OF  APPENDIX  I 

MA,  MJ,  MWJ,  PO,  P,  R,  RHA/RHJ,  U,  X/RJ,  XH^ 

All  as  identified  in  the  text  at  page  30 


.4rrr< 


t  "v  \rm 


section  1 
INTRODUCTION 


Research  on  supersonic  jet  mixing,  especially  in  ':he  area  of  low-altitude 
rocket  exhaust-plume  technology,  has  been  a  critical  part  of  the  Air  Force 
Rocket  Propulsion  Laboratoy  (AFRPL)  program  for  sevex-al  years.  A  major  objective 
has  been  the  development  of  computer  codes  for  the  prediction  of  plume  observables, 
such  as  the  radiation  signature.  These  codes  model  complex  physical  and  chemically 
reactive  flowfields.  In  the  gasdynamic  computations,  modeling  the  turbulent 
transport  processes  remains  as  a  major  obstacle  to  a  useful  and  widely  appli¬ 
cable  analysis  of  free  turbulent  flow  phenomena.  Work  on  this  aspect  is  actively 
in  progress.  Advances  in  computational  fluid  dynamics  have  essentially  offset 
the  theoretical  difficulties  which  constrained  the  complexity  of  the  modeling 
approach  up  to  the  mid  1960s.  These  methods  have  been  exercised  on  complex 
problems  by  using  exact  implementations  of  classical  turbulence  models  and  by 
developing  new  models  to  improve  predictive  power.  In  the  course  of  this 
process,  not  surprisingly,  a  renewed  need  for  experimental  data  has  emerged 
to  be  used  in  the  evaluation  of  the  con^utational  alternatives. 


A  case  in  point  is  the  JANNAF-sponsored  effort  to  develop  an  industry- 
standard  gasdynamic  model  for  low-altitude  plumes.  The  turbulence  module  of  the 
JANNAF  Standard  Plume  Flow- Field  (SFF)  code^  has  five  alternate  turbulence 
models  to  predict  the  mixing  phenomena  that  influences  the  development  of  exhaust 
plumes.  They  range  from  the  simple  traditional  algebraic  models  to  the  advanced 
two-equation  models,  and  they  can  be  used  in  compressibility-corrected  versions 
of  the  code  that  should  improve  the  calculations  of  flow  fields  containing  large 
density  gradients. 


In  support  of  low-altitude  plume  research,  AFRPL- sponsored  experimental 
programs  have  been  performed  at  AEDC  and  CalspanATC.  In  general,  the  experiments 
were  designed  primarily  to  investigate  the  structure  of  the  plume  and  its 
emitted  radiation,  often  for  particular  propellant  combinations,  motor 
configurations  and  ambient  conditions  (i.e.,  Mach  number  and  altitude). 
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Detailed  information  on  the  turbulent  mixing  phenomena  is  not  readily  discernible 
from  these  test  data  because  of  the  complicating  factors  of  the  "real"  plume. 

Recently,  in  response  to  the  projected  need  to  corroborate  the  SPF  code,  Calspan 
has  defined  a  different  experimental  approach.  The  key  concept  of  the  approach 
is  to  use  a  unique  short  duration  technique  that  is  flexible  enough  to  sequentially 
investigate,  in  a  building  block  fashion,  several  of  the  physical  and  chemical 
complexities  of  low  altitude  plumes.  Specifically,  the  technique  would  first 
be  used  to  measure  parameters  such  as  density,  Mach  number  and  exit  pressure 
in  non-reacting  jets  over  a  broad  range  of  gasdynamic  conditions.  Then  the 
technique  would  be  extended  to  mixing  jets  with  "real"  plume  features  also 
using  basically  the  same  controlled  laboratory  situation.  These  measurements 
would  include  having  either  or  both  jets  laden  with  solid  particulates  and  re¬ 
acting  mixtures  combined  with  subtantially  an  unaltered  capability  to  control 
the  gasdynamic  parameters. 


This  report  describes  the  results  of  the  Calspan  experimental  program, 
sponsored  by  AFRPL,  to  investigate  the  supersonic  mixing  phenomena  in  the 
fundamental  non-reacting  jets  case.  The  short  duration  approach  outlined  above 
was  developed  and  applied  to  obtain  these  results.  A  primary  objective  of 
this  experimental  study  was  to  generate  a  firm  and  comprehensive  data  base 
from  which  to  select  and  establish  compressibility  corrections  for  the  turbulence 
models  of  the  JANNAF  SPF.  Within  this  framework,  the  needs  for  a  fundamental 
description  of  the  supersonic  mixing  phenomena  were  re-examined  in  the  initial 
discussions  with  AFRPL.  The  influence  of  Mach  number  and  density  ratios  were 
identified  as  the  foremost  gap  to  be  filled.  Fundamental  measurements  of 

turbulent  mixing  go  back  many  years,  and  comprehensive  reviews  of  experimental 
2  3 

data  are  available.  ’  However,  previous  studies  are  scarce  and  most  con¬ 
centrate  on  specific  and  unrelated  cases,  especially  in  the  range  of  Mach 
numbers  above  2  and  plume  densities  well  below  or  well  above  ambient.  Thus, 
experiments  with  non-reacting  jets  at  Mach  numbers  of  2,  3  and  4  and  ambient- 
to-jet  density  ratios  from  0.6  to  10  were  identified  as  having  the  highest  po¬ 
tential  of  yielding  the  data  needed  to  support  the  use  and  future  development 


2 


of  tl.-  SPF.  Experiments  with  jets  discharging  both  in  a  Mach  2  outer  stream 
and  in  a  quiescent  ambient  were  judged  important  for  their  applications  and  for  cor¬ 
relations  with  existing  data.  Mixing  measurements  over  the  above  range  of  conditions 
were  completed  recently  and  are  presented  in  this  report. 

Following  this  introduction.  Section  2  briefly  describes  the  Calspan 
test  facility  used.  In  the  same  section,  the  jet  apparatus  and  the  fast-response 
diagnostics  which  were  designed  especially  for  the  experiments  are  reviewed  in  some 
detail.  The  procedures  to  obtain  these  mixing  data  are  presented  in  Section  3 
with  a  general  description  of  the  measured  characteristics  of  the  jets  and  outer 
stream.  In  Section  4,  the  extensive  measurements  of  pressure,  temperature,  and 
gas  species  which  describe  the  mixing  of  the  jets  are  discussed.  The  mean  ve¬ 
locities  computed  from  the  measurements  are  also  presented  to  indicate  how  the 
Mach  nubmcr  and  density  variations  influence  the  mixing  process.  The  actual 
measurements  are  tabulated  in  Appendix  1;  plots  of  the  measurements  were 
jiublishcd  earlier  (Reference  4). 

Section  S  presents  a  pre’^is  of  the  main  observations  derived  from  the 
experimental  investigation.  They  support  these  overall  conclusions: 

•  well  resolved  measurements  of  gas  species  and  velocity  profiles 
have  been  obtained  for  a  variety  of  Mach  numbers  and  density 
ratios; 

•  these  measurements  expand  the  data  base  needed  to  support  the 
ongoing  turbulence  modeling  effort;  and 

•  the  short  duration  technique  developed  for  the  measurements 
represents  a  valuable  tool  for  investigating  fundamental  plume 
phenomena  over  a  broad  range  of  experimental  conditions. 
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Section  2 

EXPERiMENTAL  APPROACH  AND  APPARATUS 
2.1  EXPERIMENT  DESCRIPTION 

A  unique  short-duration  testing  technique"**^  was  developed  at  Calspan 
to  study  the  supersonic  mixing  phenomena.  The  approach  is  especially  suited 
to  the  broad  range  of  test  conditions  of  interest  and  for  its  application  to 
reacting  plume  measurements.  The  technique  is  based  on  the  capabilities  of 
the  large-scale  Calspan  Ludwieg  Tube  (CLT)  wind  tunnel,  depicted  in  Figure  1. 
Using  this  facility,  an  experiment  was  configured  as  sketched  in  Figure  2.  A 
jet  of  arbitrary  gas  composition,  a  few  inches  in  diameter  at  its  origin,  was 
exhausted  into  an  essentially  unconfined  ambient  which  could  simulate  a  wide 
range  of  altitude  conditions.  The  ambient  surrounding  the  jet  was  either  still 
or  moving  at  supersonic  speed.  A  key  operating  characteristic  of  the  CLT  is 
permitted  control  of  gas  species  in  both  the  jet  and  the  freestream  flow  to 
meet  the  demanding  experimental  requirements.  Specific  mbinations  of  various 
gases  were  used  to  achieve  a  broad  range  of  density  ratios.  In  addition,  for 
flow  diagnosis,  freestream  and  jet  gases  with  the  same  composition  were  tagged 
with  a  trace  amount  of  suitable  gas  additive.  For  each  of  the  mixing  flow  fields 
that  were  generated,  the  measurements  consisted  of  radial  surveys  c  '  the  jet 
plume  at  selected  axial  stations  downstream  of  the  exit  plane.  Because  of  the 
large  scale  of  the  jets,  their  mixing  could  be  probed  in  detail  with  diagnostics 
simultaneously  measuring  pitot  and  static  pressures,  temperature,  and  gas 
species. 


The  flexibility  of  the  short-duration  testing  approach  for  supersonic 
mixing  measurements  is  apparent  from  the  experimental  conditions  used  in  the 
Calspan  investigation.  Their  range  is  indicated  in  Figure  2.  The  conditions  were 
selected  to  separately  evaluate  the  effects  of  freestream-to-jet  density  ratio, 
jet  Mach  number  and  freestream  Mach  number.  The  three  jet  Mach  numbers,  Mj,  of 
2,3,  and  4  were  produced  by  interchangeable  nozzles.  The  molecular  weight,  mwj, 

and  stagnation  temperature,  T^^,  of  the  jets  were  varied  to  span  values  of  the  ambient- 

10.  This  was  achieved  by  using 
800®R.  The  ambient,  in  which  the 


to-jet  density  ratio, 

hydrogen-nitrogen  mixtures  heated  as  high  as 
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jet  discharged  was  either  quiescent  (no-wind  cases)  or  flowing  at  2  (wind-on 
cases),  had  a  stagnation  temperature,  at  or  below  ambient  as  determined 

by  the  operating  characteristics  of  the  CLT.  In  keeping  with  the  overall  purpose 
of  generating  a  fundamental  data  base,  complicating  factors  which  characterize 
"real"  low  altitude  plumes,  such  as  a  repetitive  shock  structure  or  significant 
base  flews,  were  avoided.  In  all  cases,  the  jet  nozzles  were  contoured  to 
provide  a  uniform,  parallel  flow  at  the  exit.  The  bluntness  at  the  exit  of  the 
nozzles  was  minimal,  with  a  difference  between  inner  and  outer  diameters  of 
only  0.125  inches.  The  pressure  of  the  freestream  and  jet  at  the  exit  plane  were  very 
closely  matched.  The  locations  in  the  CLT  at  which  the  mixing,  flowfield  could 
be  surveyed  varied  over  a  broad  range,  and  the  diagnostics  were  designed  to 
cover  radial  locations  from  the  jet  axis  to  fifteen  times  the  exit  radius,  R^, 
in  the  outer  region.  The  axial  location  of  the  surveys  could  be  chosen  arbi¬ 
trarily  between  zero  and  100  downstream  of  the  exit  plane.  In  this  study, 
however,  a  given  nimber  of  tests  were  allocated  to  seven  axial  survey  locations 
selected  optimally  with  respect  to  a  twofold  criteria.  For  comparison  with 
calculations  used  for  turbulence  model  selection,  the  survey  locations  should 
provide  radial  velocity  profiles  from  close  field  to  far  field  in  each  experi¬ 
mental  condition.  For  establishing  trends  of  dependence  on  density  ratio  and 
Mach  number,  independent  of  the  calculations,  the  survey  locations  should  pro¬ 
vide  the  minimum  number  of  data  points  needed  to  describe  important  global 
mixing  characteristics  such  as  core  length,  centerline  velocity  decay,  and 
spreading  rate. 

2.2  TEST  FACILITY 

7  8 

.  The  Calspan  Ludwieg  Tube  ’  is  a  large  scale,  upstream  diaphragm  tube  wind 
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tunnel  which  operates  on  the  non-steady  gasdynamic  principles.  Figure  1  depicts 

the  facility  and  identifies  its  main  components.  The  supply  tube  is  60  ft 

long  and  has  an  inner  diameter  of  42  inches.  Between  the  supply  tube  and  the  receiver 

tank  nozzle  the  diaphragm  station  houses  a  mylar  diaphragm  and  a  quick  release 

cutter  bar.  One  of  four  interchangeable  nozzles,  a  conical  M  =  2  nozzle  with 

an  included  angle  of  6*  and  an  exit  diameter  of  42  inches,  was  used  in  the  mixing 

experiments.  The  nozzle  discharged  into  the  receiver  tank  which  is  8  ft  in 
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diameter  and  60  ft  long.  For  a  typical  mixing  test  in  these  investigations,  the 
supply  tube  was  pressurized  with  nitrogen  and  the  tank  was  evacuated  and  t  ' 
filled  to  a  predetermined  pressure  with  nitrogen.  Flow  was  initiated  by  rupturing 
the  diaphragm  with  the  cutter  simultaneously  with  jet  plume  initiation.  After 
a  brief  initial  transient,  an  expansion  wave  propagated  upstream  in  the  tube  at 
acoustic  speed  and  accelerated  the  test  gas  to  a  steady  velocity.  The  gas  ex¬ 
panded  through  the  nozzle  into  the  low  pressure  receiver  tank.  The  nozzle 
supply  conditions  remained  constant  while  the  wave  traveled  up  the  supply, 
reflected  from  the  end  wall  and  returned  to  the  nozzle.  Currently,  the  CLT 
provides  95  ms  of  useful  test  time.  The  gas  expanding  through  the  nozzle  provided 
the  supersonic  freestream  into  which  the  plume  exhausted.  During  a  test,  the 
endwall  of  the  receiver  tank  reflected  a  weak  compression  which  propagated 
upstream  and  ultimately  perturbed  the  test  conditions  established  by  the  nozzle. 

The  useful  test  time  elapsed  before  this  perturbation  reached  the  test  section 
was  essentially  equal  to  that  provided  by  the  supply  tube. 

i 

2.3  TEST  ARTICLE  | 

i 

I 

Figure  3  depicts  the  nozzle/gas-supply  assembly  designed  to  generate 
the  test  plumes.  Most  of  this  'assembly  is  contained  within  the  CLT  sting.  The 
principal  components  of  the  assembly  are  three  interchangeable  nozzles  and  the 
jet  gas  supply.  The  latter  consists  of  three  main  units:  (a)  160  ft  of 
1  inch  i.d.  high  pressure  tubing,  (b)  a  pneumatically  operated  quick  opening 
ball  valve  (action  time  of  about  10  ns),  and  (c)  a  venturi  metering 
nozzle  which  distributes  the  supply  gas  to  the  large  cross  section  of  the  nozzle 
settling  chamber.  The  arrangement  of  these  units  is  shown  schematically  in  Figure  4. 

Jets  having  Mach  numbers  of  2,  3,  and  4  were  generated  with  three  contoured 
nozzles  designed  to  provide  parallel  exit  flow.  The  nozzles  attach  to  the  CLT 
sting  via  a  conical  adapter.  The  outside  of  each  nozzle  is  also  conical  so  that 
the  sting  can  gradually  taper  down  to  the  diameter  of  the  nozzle  exit.  This 
satisfied  the  modeling  requirements  of  a  clean,  non-bluff  base  region.  Figure  5a 
offers  a  close-up  of  a  portion  of  the  jet  supply  which  shows  the  quick  valve 
actuator  in  the  foreground.  Figure  5b  gives  a  view  of  the  test  assembly  from 
the  jet  exit. 
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In  several  respects,  the  jet  apparatus  operates  using  the  same  non-steady 
gasdynamic  process  as  the  CLT.  The  length  of  the  supply  tube  is  dictated  by  the 
test  time  requirement  and  the  acoustic  speed  of  the  gas.  The  length  was 
chosen  to  provide  a  useful  test  time,  at  least  equal  as  the  CLT's,  when 
using  heated,  pure  hydrogen  as  the  charge  gas.  The  tube  is  considerably  longer 
than  can  be  contained  in  the  CLT  sting  and  is  routed  outside  the  facility 
through  the  cutter  housing  strut  supports.  The  gas  supply  and  CLT  sting  form 
an  integral  system  to  which  the  interchangeable  jet  nozzles  are  attached  and 
offer  a  clean  aerodyna,!iic  shape  to  the  outer  stream.  For  tests  which  require 
a  heated  jet  gas  mixture,  35  f.;  of  the  gas  supply  tube  is  wrapped  with  heating 
tape.  Heating  of  a  limited  segment  of  the  tubing  is  sufficient,  since  only 
this  fraction  of  the  gas  in  the  supply  is  required  in  a  test.  The  heated 
segment  of  the  supply  is  coiled  inside  the  CLT  sting.  The  temperature  of  the 
jet  gas  is  monitored  by  thermocouples  placed  along  the  tube  length. 

The  jet  apparatus  operates  differently  than  the  CLT  in  one  important 
respect.  The  test  gas  accelerating  to  a  steady  velocity  in  the  supply  tube  is 
expanded  twice  to  supersonic  velocities  before  it  leaves  the  nozzle.  After 
the  first  expansion,  which  takes  place  in  the  venturi,  the  gas  goes  through  a 
stationary  shock  that  results  in  an  increase  in  critical  cross-section  and  a 

decrease  in  total  stream  pressure.  By  this  process,  nozzles  with  throat  dia¬ 
meters  larger  than  the  diameter  of  the  supply  tube  can  be  operated  under  steady 
conditions.  The  stationary  shock  is  established  and  maintained  automatically 
by  the  equal  mass  flow  rates  required  at  the  venturi  and  the  nozzle  throats. 
Relevant  characteristic  dimensions  are  indicated  in  Figure  4. 

The  internal  contours  of  the  nozzles  are  based  on  available  designs 
from  two  different  sources.  The  coordinates  for  the  M  =  2  and  3  nozzles  were 
calculated  using  a  modified  version  of  the  NASA  program  of  Ref.  10  at  Calspan. 

The  coordinates  for  the  M  =  4  nozzle,  listed  in  Table  I,  were  obtained  from 
ARO/AEDC.  All  nozzles  have  exit  diameters  of  3  inch  and  use  a  3  inch  diameter 
settling  chamber.  The  settling  chamber  length  varies  with  the  Mach  number 
in  order  to  compensate  for  the  fact  that  nozzle  length  increases  with  increasing 
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Mach  number.  Figure  6  illustrates  the  nozzle  contours  and  gives  the  throat 
diameters  and  other  important  dimensions. 

2.4  INSTRUMENTATION 

Mean  velocity  profiles  at  various  radial  points  in  the  mixing  flowfield 
were  the  primary  data  obtained  from  these  experiments.  To  generate  these  profiles 
from the  isobaric  mixture  of  gases  having  different  compositions,  surveys  of 
pitot  pressure  and  of  gas  species  concentrations  were  required.  In  addition, 
total  temperature  surveys  were  needed  for  the  heated  jet  test  cases.  In  Calspan's 
experiments,  temperature  measurements  were  also  used  to  obtain  accurate  velocity 
profiles  in  the  cold  jet  test  cases  where  deviations  from  strictly  isothermal 
mixing  occurred  because  the  two  streams  were  accelerated  differently  by  expanding 
from  similar  initial  ambient  conditions.  In  all  experiments,  isobaric  mixing  was 
obtained  by  controlling  the  initial  pressure  of  the  jets.  However,  small  devi¬ 
ations  from  the  isobaric  conditions  were  expected  that  could  significantly  affect 
the  deteimination  of  local  Mach  number.  Surveys  of  static  pressure  were  also 
used  to  obtain  accurate  velocity  profiles. 

The  instrumentation  consisted  of  four  sets  of  single  probes,  three  for 
the  measurement  of  gasdynamic  quantities,  one  for  gas  sampling,  and  two  rakes 
for  closely  spaced  pitot  measurements.  To  survey  the  flowfield  at  selected 
axial  positions  downstream  of  the  jet  nozzle  exit,  these  instruments  were 
mounted  on  a  cruciform  holder  which  W(is  anchored  to  the  walls  of  the  receiver 
tank.  The  vertical  and  horizontal  diameters  of  the  holder  were  designed  so 
that  individual  probes  or  rakes  could  be  mounted  on  one-inch  spacings  from  the 
centerline  to  15  jet  radii,  outboard.  For  more  closely  packed  measurements, 
the  horizontal  arm  had  1/2"  spacings  on  a  segment  -  4  R^.  around  the  centerline. 

Pitot  measurements  were  taken  using  rakes  which  closely  space  the  measure¬ 
ment  points.  The  rake  arrangement  is  simple  and  flexible:  when  regions  of 
large  gradients  are  surveyed,  the  probes  can  be  packed  in  as  in  Figure  7;  to 
accommodate  jet  spreading,  the  probes  can  be  relocated  with  greater  spacing 
increments . 
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Besides  surveying  the  mixing  flow  field,  ten  quantities  were  monitored 
during  each  test  to  document  actual  experimental  conditions.  Total  pressures 
and  temperatures  were  taken  (a)  in  the  gas  supply,  (b)  in  the  nozzle  settling 
chamber,  and  (c)  in  the  CLT  settling  chamber.  One  pitot  and  two  static  pressures 

were  taken  at  the  nozzle  exi"  plane.  Times  of  mixing  flowfield  gas  sample 
were  also  recorded  in  each  test. 

Gasdynamic  Diagnostics 

The  gasdynamic  diag’  jstics  were  of  conventional  design.  Individual 
probes  are  shown  in  Figure  \.  The  total  temperature  probes  were  small  shielded 
thmocouples,  patterned  aft*  r  designs  presented  in  Ref.  11,  with  thermocouple 
junctions  of  Chromel-Alumel  or  Chromel-Constantan  wires  (thickness  0.001  in) 
butt-welded  and  protruding  into  the  shield  vane  from  a  ceramic  insulator,  me 
pitot  probes  consisted  of  a  single  stem  which  held  a  slender  0.125  inch  diameter 
transducer  directly  facing  the  flow.  Ths  arrangement  eliminated  any  influence 
on  the  probe  response  derived  from  the  impedance  of  the  tubing  connecting  the 
pitot  mouth  to  the  transducer  location.  The  static  probes  were  made  up  of 
0.065  inch  o.d.  hypodermic  tubing  with  a  conical  tip  of  20®  included  angle. 

Four  pressure  sensing  holes,  0.008  inch  in  diameter  were  drilled  in  the  tubing 
12  diameters  downstream  of  the  tip  and  20  diameters  upstream  of  the  probe  body 
which  contained  a  piezoelectric  sensing  transducer. 

The  rake,  shown  in  Figure  8b,  permitted  pitot  measurement  at  locations  0. 250  inch 
apart.  It  consisted  of  ten  0.096  inch  o.d.  tubes  each  leading  to  a  0.37  inch 
diameter  pressure  transducer  housed  in  the  probe  body.  It  was  intended  primarily 
for  measurements  in  the  mixing  region,  however,  since  its  design  minimizes  the 
effects  of  mutual  interference,  it  was  also  used  to  probe  the  initial  wake 
region  of  the  nozzles.  To  define  the  inside  and  cutside  boundary  layers  of 
the  nozzles  at  the  exit  plane,  the  rake  in  Figure  8c  was  used.  Its  design 
allowed  a  close  spacing  of  the  pitot  probes  in  the  boundary  layer  without 
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interference  from  the  transducer  assembly,  and  the  nonlinear  displacement  of  the 
proibes  permitted  close  probe  sparing  in  the  region  of  large  gradients  near  the 
wall.  The  individual  probes  were  0.032  inch  o.d.  hypodermic  tubing  with  substan¬ 
tially  increased  base  size  to  increase  their  strength. 


All  of  the  transducers  used  in  the  gasdymamic  diagnostics  were  available 
from  the  Calspan  stock  of  fast  response  pressure  transducers.  Some  had  been 
developed  in-house,  others  were  commercially  produced.  Generally,  the  transdu¬ 
cers  en^loy  a  lead  zirconium  titanate  piezoelectric  ceramic  as  a  pressure 
sensitive  energy  source  and  field  effect  transistors  as  power  amplifiers.  Each 
transducer  is  compensated  internally  to  minimize  acceleration  effects.  A 
line-of-sight  heat  shield  is  used  where  required  to  minimize  heat  transfer 
effects.  Their  linearity,  sensitivity  and  broad  dynamic  response  are  fully 
documented  and  periodically  checked  using  in-house  calibration  facilities.  The 
combined  pressure  range  of  the  transducer  used  in  these  experiments  goes  from 
0.005  psia  to  several  hundred  psia. 


Gas  Species  Diagnostics 


The  gas  sampling  and  analysis  system  developed  for  these  experiments 
was  based  on  similar  experience  with  gas  sampling  in  other  short-duration  facil¬ 
ities.  The  system  relies  on  a  capture  technique  applicable  to  the  steady-state 
test  time  in  the  CLT  and  on  post- test  analysis  the  captured  samples.  In 
principle,  there  are  different  techniques  that  could  be  used  to  conduct  post-test 
measurements  of  species  concentrations;  in  these  experiments,  the  captured 


the  facility  after  each  test.  The  highly  different  heat  conductivity  values 


of  H_  and  N-  were  used  for  the  analysis.  The  pressure  of  the  expanded  gas  sample 

^  A  i 

was  measured  simultaneously  with  an  Autovac  Pirani  gauge  and  with  a  Baratron 
gauge.  The  first  operates  by  measuring  the  rate  of  heat  transfer  between  a 
heated  wire  and  its  surroundings  and  its  calibration  is  dependent  on  the  nature 
of  the  gas.  The  latter  utilizes  diaphragm  flexure  and  provides  accurate  pressure 
data  independent  of  gaseous  species.  By  exploiting  the  calibration  corrections 
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that  were  required  for  the  Pirani  tube  indications,  the  hydrogen  concentration 
of  the  samples  was  obtained. 

Figure  9  schematically  identifies  the  components  and  layout  of  the 
heat  conductivity  gas  sampler  system  (HCGS).  Ten  separate  probes  were  used 
for  sample  capture;  each  a  pencil-shaped  0.25  inch  o.d.  tube  with  a  30°  conical 
tip  with  a  1  mm  diameter  orifice  sealed  by  a  molded  valve  seat.  For  sample 
c«q>ture,  the  seat-stem  assembly  located  inside  the  probe  tube  retracts  3  mm  in 
less  than  4  ms  and  can  be  programmed  to  remain  open  up  to  50  ms  to  obtain  a 
sample  volume  of  about  10  cm^.  Key  elements  of  the  seat-stem  actuator  system 
are  shown  in  Figure  10  and  include  small  thin-walled  nickel  bellows  sealed  to  a 
long  stem  on  one  end  and  to  a  solenoid  armature  sling  on  the  other,  the  solenoid 
used  to  open  the  probes,  and  the  probe  housing  into  which  the  whole  assembly 
is  inserted.  Actuation  is  achieved  by  an  impulse  discharge  from  a  capacitor 
through  the  solenoid  coil.  A  photograph  of  the  assembled  probes  prior  to  installa' 
tion  in  the  cruciform  holder  is  shown  in  Figure  10b.  Hie  probe  array  is  seen 
(Figure  10a)  protruding  from  an  aluminum  siqsport  bar  that  simulates  the  holder. 
Below  the  holder,  the  capture  san^le  section  and  the  valves  that  seal  it  for 
subsequent  analysis  can  be  seen.  In  the  schematic  of  Figure  9  these  valves  are 
labeled,  and  V2.  The  sample  was  expanded  into  a  low  volume  sampling  manifold 
through  the  lower  valve  which  leaded  to  the  Pirani  tube,  the  Baratron  gauge 
and,  through  two  controllable  valves,  to  a  larger  throughput  purge  line. 

Vacwjm  sources,  supporting  electronics  for  the  pressure  gauges,  and  plumbing 
to  a  battery  of  calibration  gases  completed  the  system. 

A  brief  description  of  the  HCGS  operation  as  used  in  this  program  follows. 
Prior  to  the  test,  the  entire  system  up  to  the  stem  seal  was  evacuated  to  about 
10”^  torr  with  a  refrigerated-trapped  forepump.  V'alves  Vj,  the  purge 

valve  were  open.  About  one  minute  before  the  test,  was  closed  and  the 
actuating  capacitor  charged.  A  trigger  signal  synchronized  the  stem  opening 
time  with  the  test  gas  flow  events,  permitting  the  sample  collection  during  about 
40  ms  of  stem-open  time.  Immediately  following  the  test,  all  ten  Vj  valves  were 
closed,  isolating  the  captured  samples  for  -equential  analysis.  Each  sample  was 
analyzed  bv  closing  the  purge  valve  and  opening  valve  V2.  This  permitted  the 


II 


captured  sample  to  expand  into  the  manifold  and  analysis  line.  The  san^le 
pressure  was  then  brought  to  a  preselected  value  indicated  on  the  Baratron 
gauge  bleeding  gas  into  the  purge  line.  After  waiting  approximately  two  minutes 
for  equilibration,  the  corresponding  reading  from  the  Pirani  was  recorded. 

Then  the  sample  was  bled  to  a  lower  Baratron  pressure  and  the  Pirani  reading 
repeated.  From  the  Pirani  readings,  the  partial  pressures  which  constitute 
the  desired  data  were  directly  derived  using  previously  established  calibration 
curves,  such  as  those  discussed  in  Section  3.1.  This  was  done  to  ensure  an 
analysis  at  a  lower  pressure  for  cases  where  the  only  data  available  was  from 
probes  exposed  to  a  low  dynamic  pressure.  In  the  system,  calibration  data  could 
be  repeated  at  any  time  by  admitting  a  sample  of  premixed  H2/N2  mixtures  to 
the  analysis  station.  This  feature  was  used  to  ascertain  the  reproducibility 
of  the  measurements  and  to  correct  them  for  small  temperature  influences. 
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Section  3 

PRCXZEDURES  AND  APPARATUS  PERFORMANCE 

3.1  CALIBRATIONS 

The  critical  components  and  subsystems  of  the  apparatus  prepared  for 
these  mixing  experiments  were  calibrated  either  individually  by  bench  testing 
or  as  assemblied  in  the  operational  system.  In  the  latter  cases,  functional 
tests  especially  designed  for  calibration  purposes  were  eaq>loyed.  The  pro¬ 
cedures  and  results  from  the  calibration  of  the  temperature  probes  and  the 
HCGS  analysis  instrumentation  are  briefly  reported  in  this  section.  In  calibrating 
these  parts  of  the  apparatus  and  others  such  as  the  gas  sajiplers,  the  pneumatic 
actuator,  anc  the  quick  valve,  the  aim  was  either  to  empirically  establish  their 
behavior  or  to  verify  that  their  characteristics  conformed  to  known  levels. 

The  temperature  probes  were  calibrated  for  sensitivity  and  response 
to  recovery  temperature.  The  electromotive  force  generated  at  the  thermocotq>le 
junction  was  detected  and  directly  reduced  to  a  temperature  reading  by  using  the 
known  sensitivity.  In  a  few  of  the  probes,  the  measuring  junction  was  referenced 
to  an  electronic  cold  junction.  In  the  remaining  probes,  the  reference  was 
provided  by  a  constant  temperature  block  which  was  monitored  and  held  constant 
during  the  measurements.  The  two  calibration  techniques  resulted  in  identical 
measurements  when  the  probes  were  exposed  to  the  same  temperature. 

The  ability  of  the  temperature  probes  to  equilibrate  proaqptly  to  the 
local  flow  conditions  also  had  to  be  verified.  A  preliminary  evaluation  of 
thermocouples  of  different  materials,  wire  thicknesses,  and  junction  geometries 
was  conducted  by  simpl .  water  immersion  tests.  For  a  prescribed  water  tempera¬ 
ture,  the  quick  immersion  of  a  temperature  probe  provided  an  oscilloscope 
trace,  as  shown  in  Figure  11,  to  identify  the  response  time.  The  absolute 
value  of  the  response  time  obtained  under  such  conditions  cannot  be 
related  simply  to  that  which  occurs  during  operation  in  a  gas  moving  at  high 
speed,  but  it  is  useful  in  a  relative  comparison  among  probes.  For  example, 
the  figure  shows  that  the  butt-welded  junctions  of  Chromel-Constantan  wire 
having  a  0.003  inch  thickness  responds  beyond  95%  of  the  final  level  in  about 
7  ms.  In  contrast,  vendoi’’s  thermocouples  of  the  same  wire  with  junctions  in  the 
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shape  of  a  0.005  inch  dia.Tieter  ball  were  found  to  require  14  ms  and  for  0.002  inch 
wire  with  butt-welded  junctions,  about  3  ms. 

In  the  demanding  environment  of  the  short  duration  tunnel  the  thermo¬ 
couples  must  be  robust  for  durability  as  well  as  fast  in  response.  This  calls 
for  the  selection  of  the  thickest  wire  with  adequate  response.  Initially, 
considerations  of  durability  and  of  the  results  from  the  bench  evaluation 

resulted  in  the  use  of  the  0.003  in  wire  probes  with  butt-welded  junctions. 

They  were  later  found  to  respond  well  in  some  but  not  all  of  the  gas  stream 
conditions  for  which  accurate  temperatures  were  desired.  In  the  mixing  experi¬ 
ments  the  probes  must  operate  satisfactorily  from  cases  where  they  suddenly 
heat  up  from  ambient  temperature  to  about  2S0*F  to  cases  where  they  suddenly 
cool  down  from  ambient  to  -OO^F.  Depending  on  the  local  dynamic  pressure  and 
temperature,  the  0.003  inch  wire  probes  were  found  to  respond  too  slowly  when 
measuring  gas  streams  cooler  than  ambient.  The  importance  of  tip  geometry 
(inlet  length,  venthole  size,  etc.)  was  quickly  ruled  put  as  a  factor  by  trying 
probes  with  modified  tips.  Adequate  response  was  finally  obtained  by  relaxing 
the  durability  requirement  and  using  0.001  inch  butt-welded  wire  in  the  probes. 
Figure  12  documents  the  ability  of  the  0.001  inch  wire  temperature  probes  below 
or  above  ambient  in  a  variety  of  gas  stream  conditions.  In  all  cases  shown, 
the  static  pressure  was  about  1.7  psia;  the  local  dynamic  pressure  is  indicated 
in  each  case.  The  residual  temporal  variations  that  were  r resent  in  the  heated 
cases  correspond  to  actual  jet  conditions  and  are  discussed  in  Section  3.4. 


The  major  calibration  required  for  the  HCGS  consisted  of  the  empirical 
determination  of  the  relation  between  gas  composition  and  pressure  differences 
indicated  by  the  Pirani  and  Baratron  gauges.  This  calibration  was  carried  out 
with  the  whole  system  ready  for  final  operation.  In  an  early  feasibility  phase, 
seven  gas  mixtures  of  known  composition  were  prepared  in-house  for  calibration 
purposes. 
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In  the  calibration  procedure  a  sample  of  a  known  gas  mixture  at 
a  preselected  pressure  was  admitted  into  the  capture  portion  of  the  sampling  probes. 
This  duplicated  the  post-test  condition  which  followed  a  mixing  survey.  The 
captured  samples  were  then  released  into  the  analysis  manifold.  At  several 
pressure  levels  the  Pirani  and  Baratron  outputs  were  recorded.  These  readings 
were  found  to  be  related  as  shown  in  the  solid  curves  of  Figure  13.  As  expected, 
the  Pirani  readings  decreased  monot.onically  and  non- linearly  with  decreasing 
pressure.  At  any  H2/N2  mixture  ratio  the  Pirani  reading  rate  of  decrease 
increased  as  pressure  decreased.  For  a  gas  san^le  of  given  pressure,  the  Pirani 
reading  was  highest  at  the  highest  H2  concentration.  The  pressure  differences 
indicated  by  the  Pirani  and  the  baratron  gauges  were  used  to  calculate  the 
gas  sample  composition.  Figure  13  presents  measurements  of  a  representative 
test  run  in  which  ten  samples,  identified  by  different  symbols,  were  collected 
and  analysed.  The  initial  pressure  in  each  sample  depends  on  its  location  in 
the  flowfield.  Each  sample  was  expanded  sequentially  3  or  4  times  for  anal¬ 
ysis,  obtaining  the  H2/N2  pairs  plotted  in  the  figure.  From  a  best  fit  of 
these  data  relative  to  the  calibration  curves,  an  accur  .e  definition  of  the 
gas  composition  of  each  sample  was  obtained.  For  instaitce,  sample  No.  1  vas 
evaluated  to  contain  10%  H2.  The  advantage  associated  with  samples  of  higher 
'  initial  pressure  is  also  apparent  from  the  figure.  For  routine  measurements, 
however,  practical  consideration  suggests  that  a  simpler  procedure  be  used  to 
obtain  the  composition  using  the  known  Pirani/Baratron  relation.  In  the 
simpler  procedure,  two  analysis  pressure  levels  are  selected  and  the  measure¬ 
ments  are  compared  to  the  calibrations  only  at  these  levels.  The  expected  initial 
sample  pressures,  the  known  Expansion  ratios  between  capture  volume  and  the  analysis 
manifold,  and  the  limitations  in  the  Pirani  range  of  operation  determined  the 
selection  of  3  and  1  torr  as  the  analysis  pressure  levels.  Crossplots  of  the 
Pirani  readings  versus  gas  composition  show  a  very  nearly  linear  relationship  as 
illustrated  by  the  solid  lines^  in  Figure  14.  At  3  torr  the  sensitivity  is 
tojout  ♦  0.03  mV  for  a  1%  increase  of  the  H2  fraction.  At  1  torr  this  sensitivity 
is  decreased  by  a  factor  of  2  GO. 015  mV).  The  sensitivity  of  the  Pirani  is  un¬ 
altered  by  temperature  changes,!  however,  they  do  affect  the  level  of  the  Pirani 
output.  This  effect  was  empirically  evaluated  at  *  4%  of  the  H2  fraction  for  a 


-  3°F  variation  in  Pirani  temperature.  In  the  actual  operation  of  the  HCGS 
system,  the  temperature  influence  was  eliminated  by  using  a  constant  temperature 
bath. 

As  mentioned  earlier,  the  calibration  curves  established  during  the  HCGS 
feasibility  study  used  gas  mixtures  prepared  in  house  with  seven  different  levels 
of  H2  content.  Later,  the  calibration  was  repeated  with  samples  of  the  gases 
used  to  generate  the  jets.  These  gases  were  prepared  and  certified  by  the  vendor 
according  to  specific  tolerances  which  are  given  in  Table  II.  The  symibols  in 
Figure  14  identify  both  the  preliminary  and  final  calibration  points;  only 
negligible  differences  were  found. 


3.2  DATA  ACQUISITION 

The  overall  objective  of  obtaining  turbulent  mixing  data  for  non-reacting 
supersonic  flows  over  a  range  of  Mach  numbers  and  density  ratios  was  achieved  by 
completing  a  matrix  of  thirteen  test  conditions.  In  the  experiments, 
the  jet  mixing  region  was  measured  at  various  axial  locations  downstream  of  the 
jet  exit  plane.  In  addition,  a  number  of  surveys  at  the  exit  plane  of  the  jets 
were  taken  to  measure  the  boundary  layers  that  influence  the  mixing  phenomena. 


The  typical  test  sequence  and  data  acquisition  for  each  experiment  in¬ 
cluded  the  following: 

•  model  (jet  nozzle)  preparation,  and  probes  and  survey  rake 
positioning; 

•  Ludwieg  Tube  Test  chamber,  jet  charge  tube  and  heat  conductivity 
gas  sampling  (HCGS)  system  evaluation  to  ensure  removal  of  trace 
gases;  and 

•  N2  loading  in  the  test  chamber  at  a  preselected  ambient  pressure 
level,  p^^^. 
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From  this  point  the  preparations  differed  according  to  the  test  conditions. 

In  the  simplest  case,  a  jet  at  ambient  temperature  discharging  into 
the  quiescent  ambient,  the  following  steps  were  taken: 

•  The  charge  tube  jet  gas  was  loaded  from  cylinders  of  the  pre¬ 
mixed  H2/N2.  The  charge  tube  was  set  at  a  pressure  selected  so 
that  the  pressure  at  the  exit  of  the  jet  matched  the  pressure 
of  the  test  chamber  (receiver  tank).  The  temperature,  Tj^j, 

of  the  charge  tube  was  monitored  during  loading  to  ascertain 
deviations  from  the  ambient  resulting  from  compression. 

•  All  initial  conditions  and  initiation  of  the  jets  (test  run) 
were  recorded. 

•  The  gasdynamic  measurfflnents,  high  speed  digital  saxiq)ling  (each 
channel  sampled  every  2S0  /is),  and  the  data  channels  recording 
was  triggered  automatically  by  run  initiation.  For  each  data 
record,  pre- triggering  base-lines  were  also  recorded  by  the 
Calspan  Digital  Data  Acquisition  System  (DDAS). 

•  Gas  samples  were  collected  and  trapped  in  the  probes*  reservoirs 
over  a  preselected  time  interval  during  the  test.  The  samples 
were  analyzed  sequentially  after  the  test. 

For  a  jet  at  ambient  temperature  discharging  into  the  outer  stream,  two  additional 
steps  were  required. 

e  A  variable  delay  between  the  trigger  signals  that  initiate  the 
jet  and  the  Ludwieg  tube  flows  was  set. 

e  The  CLT  supply  was  loaded  with  N2.  The  CLT  pressure  was  set  so 
that  the  pressure  at  the  exit  of  the  CLT  nozzle  matched  the 
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pressure  of  the  test  chamber.  The  CLT  tanperature  was  ascer¬ 
tained  to  have  quickly  returned  to  ambient  following  loading. 

When  the  jet  gas  supply  required  heating  prior  to  discharge,  the  loading  sequence 
consisted  of  successive  pressure  increases  and  heating  of  the  charge  gas.  The 
pretest  temperature  vaiiations  in  the  charge  tube  were  monitored  at  four  loca¬ 
tions  along  the  tube.  The  temperature  records  of  a  typical  loading  and  heating 
sequence  are  shown  in  Figure  15.  The  lower  trace  is  the  measurement  of  the  jet 
supply  a  short  distance  upstream  of  the  quick  opening  valve.  The  sensor's 
reading  deviates  sharply  from  the  initial  ambient  level  as  the  supply  was 
filled  to  600  psia.  Quick  equilibration  to  the  original  level  followed.  Then 
the  heating  was  applied  for  about  15  minutes.  Successive  gas  loadings,  as 
heating  continued,  are  indicated  by  the  spikes  at  IS,  16,  22  and  28  minutes. 

Once  the  desired  temperature  was  reached,  three  controllers  maintained  it  for 
a  period  of  time  sufficient  for  equilibration.  Firing  followed  as  indicated 
in  the  trace.  The  temporal  variations  of  temperature  in  the  test  chamber  and 
plenum  of  the  CLT  nozzle  are  also  documented  in  Figure  IS.  As  indicated  earlier, 
their  deviations  from  ambient  are  negligible. 

For  any  of  the  experimental  conditions,  the  histories  of  all  gasdynamic 
measurements  were  promptly  available  for  inspection  from  the  DDAS  following  the 
test  run.  In  a  few  minutes  the  data  could  also  be  filtered  (if  required), 
reduced  to  engineering  data  units,  and  averaged  over  selected  time  intervals. 
Analysis  of  the  gas  samples  required  a  longer  time.  After  a  test  run,  raw 
measurements  related  to  gas  composition  were  available  in  the  form  of  manually 
recorded  voltages  from  the  Pirani  gauge.  These  raw  measurements  were  converted 
to  H2  fraction  values  by  using  the  predetermined  calibration  curve  that  relates 
the  two  quantities. 


The  essential  features  of  recorded  flow  variable  histories  measured 
in  the  experiments  are  illustrated  in  Figure  16.  The  initial  transient  asso¬ 
ciated  with  jet  initiation  lasted  less  than  20  ms.  Steady  flow  conditions  followed 
for  a  50  to  90  ms  period  depending  on  test  conditions.  Over  a  substantial  fraction 


18 


static  pressure,  and  recovery  temperature  at  each  probe  location.  In  the  figure, 
the  data  for  the  pitot  probe  at  the  radial  location  1  inch  from  the  jet  axis  closely 
follows  the  temporal  behavior  of  the  stagnation  pressure  in  the  jet  plenum. 

As  shown,  the  steady  flow  conditions  were  terminated  by  the  expansion  wave  that 
traveled  upstream  and  reflected  back  into  the  supply.  A  detailed  description 
of  the  jet/stream  characteristics  is  given  in  Section  3.4. 

All  the  flow  variable  histories  were  saved  on  magnetic  tapes  creating 
an  extensive  data  bank  from  the  experiments.  For  the  immediate  analysis  of  the 
data,  the  averages  of  the  measurement.:  luring  the  steady  flow  were  utilized. 

An  example  of  the  DDAS  averaging  format  for  a  typical  40  msec  time  interval  is 
given  in  Figure  17.  All  data  channels  were  averaged  during  this  time  interval. 
Referring  to  Figure  17,  all  jet  pitot  measurement  channels  are  labelled  T,  TR, 
or  BL;  all  jet  static  pressure  measurement  channels  are  labelled  S  (static); 
and  jet  temperature  measurements  are  labelled  TC  (thermocouple) .  The  remaining 
channels  are  jet  nozzle  and  ambient  measurements.  The  gas  sampling  measure¬ 
ments,  labelled  GP,  have  been  added  at  the  end  of  the  table  since  they  were 
manually  entered  into  the  data  following  the  analysis  after  each  test.  These 
data  create  a  permanent  file  suitable  for  automatic  data  reduction.  The  gas 
sampling  open  gate  time  was  set  to  occur  during  steady  test  conditions  by  ad¬ 
justing  a  variable  delay  between  jet  initiation  tnd  GSP  plunger  triggering. 

The  data  averaging  interval  was  matched  to  the  gas  capture  time  shown  in  Figure  16 
by  the  gas  samplers  open-time  trace.  In  this  trace,  the  opening  of  the  probes 
is  marked  by  the  step  up  and  the  end  of  the  capture  interval  corresponds  to  the 
step  down.  In  bench  tests  the  measured  open  gate  time  for  all  ten  probes  was 
nearly  equal. 

The  averaging  time  interval  given  in  the  exan^le  is  typical  of  the 
interval  used  in  all  experiments.  Minor  variations  did  occur  which  were  deter¬ 
mined  by  differences  in  the  test  conditions,  and  for  a  selected  number  of  tests, 
the  flow  variables  were  averaged  over  time  intervals  occurring  earlier  or  later 
during  steady  state  or  with  time  intervals  having  different  durations.  In  all 
cases  the  deviations  in  the  values  of  pressure  and  temperature  were  found  to  be 
insignificant  in  relation  to  the  characterization  of  mixing  phenomena. 
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Table  III  lists  the  thirteen  test  conditions  for  the  turbulent  mixing 
experiments.  Values  of  the  ambient- to- jet  density  ratio  (  )  from  0.6 

to  10  were  obtained  by  using  pure  hydrogen  and  H2/N2  mixtures  with  molecular 
weights  (MWj)  up  to  26.  As  originally  planned,  experiments  were  conducted 
with  quiescent  CMqo**  0}  and  supersonic  (M^  ■  2)  outer  ambients.  The  test 
cases  covered  a  broad  range  of  ambient- to- jet  velocity  ratios.  Later  it  is 
shown  that  values  of  velocity  ratio  from  0.164  to  0.643  were  obtained  with 
the  jets  discharging  in  the  supersonic  outer  stream  (wind-on  cases).  These 
wind-on  experiments  simulated  plumes  from  rockets  at  altitudes  of  about 
50,000  ft  flying  at  speeds  of  about  1600  fts’*^.  Including  the  quiescent 
ambient  cases,  the  jet  velocities  ranged  from  1600  to  9940  fts"^. 

The  different  density  ratios  were  obtained  by  changing  the  jet  gas 
composition  and  its  initial  temperature.  Diatomic  jet  gases  were  used  in  all 
cases.  Their  molecular  weights  and  compc.itions  in  percent  mole  fraction 
are  listed  in  Table  III.  The  use  of  diatomic  gases  offered  two  advantages. 

It  eliminated  the  specific  heat  ratio  of  the  jet  and  free  stream  flow  as  an 

additional  variable  in  the  matrix,  and  permitted  the  use  of  a  single  contoured 
nozzle  to  generate  the  jet  Mach  numbers  needed.  With  nitrogen  for  the  outer 
ambient  and  H2  in  the  jets  as  a  tracer  the  density  ratios  of  the  tests  had  a  lower 
bound  of  0.6.  Except  for  two  of  the  cases  with  high  density  ratios,  the 
jet  total  temperatures  (T^j)  corresponded  to  the  jet  siq>ply  system  which  was 
room  temperature  (528"R  nominally)  prior  to  testing.  The  high  density  ratios 
of  10  for  M.  a  4,  and  7  for  «  3  were  obtained  by  designing  the  apparatus 
to  heat  the  gas  charge  to  just  above  800®R.  Originally,  the  ■  2  jet  was  to  be 

used  to  investigate  the  range  of  ^cof  ^  j  from  0.6  to  10  with  »  0.  Dif¬ 
ficulties  with  the  operation  of  the  »  2  jet,  however,  resulted  in  the  use  of 
the  M.  =  3  jet  instead.  For  the  »  3  jet,  the  heating  limit  prevented  ob¬ 
taining  p  j  =  10;  a  value  of  7  was  the  upper  limit. 

As  stated  earlier,  the  experiments  probed  the  jet  mixing  region  at 
axial  locations  between  10  and  100  jet  radii  downstream  of  the  jet  exit  plane. 

More  than  80  test  runs  were  performed  during  the  course  of  the  entire  experi¬ 
mental  program  in  order  to  collect  mixing  measurements  with  more  velocity  and 
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species  surveys  conducted  at  M^=  2  than  at  Meo=  0.  From  these  runs,  the 
tests  that  yielded  the  primary  results  of  the  program  are  listed  in  Table  IV 
and  V.  For  each  test  case  and  survey  location  listed,  the  applicable  test 
run  is  identified.  The  test  runs  are  numbered  to  indicate  the  phase  and  test 
within  the  phase.  The  test  phase  is  indicated  by  the  codes  01  (for  Phase  1/80) 
and  1  and  2  (for  Phase  1/81  and  Phase  II)  which  appear  before  the  period  of 
the  test  nmber.  The  run  number  within  each  phase  follows  the  period. 

The  mixing  region  of  the  jets  was  surveyed  at  one  to  four  axial 
locations  as  indicated  in  Table  IV.  More  than  fifty  percent  of  the  test  cases 
were  surveyed  at  four  axial  locations  in  the  near  through  far  field.  Emphasis 
was  placed  on  the  cases  with  =  4;  16  of  the  20  tests  devoted  to  this  case 
were  in  the  wind-on  condition.  Approximately  an  equal  number  of  tests  investigated 
the  effect  of  Mach  number  at  M^  =  3  and  =  2  in  cases  with  low  and  high  density 
plumes.  Overall,  the  survey  locations  chosen  provide  an,  optimal  distribution 
among  the  given  number  of  tests  with  respect  to  the  twofold  objectives  for  the 
measurements.  For  comparisons  with  calculations  for  turbulence  model  selection, 
they  provide  velocity  profiles  in  the  close  field,  mid  field,  and  far  field  of 
the  mixing  regions.  For  establishing  mixing  behavior  trends  independently  of 
the  calculations  when  density  ratio  and  Mach  number  are  varied,  they  provide 
sufficient  data  points  to  describe  core  length,  centerline  velocity  decay,  mixing 
width,  and  the  like  in  nearly  all  test  cases. 

The  nozzle  internal  and  external  boundary  layers  were  surveyed  for  each 
of  the  jets  at  low  and  high  plume  densities  during  the  tests  listed  in  Table  V. 

In  some  cases  these  measurements  were  taken  simultaneously. 

The  total  number  of  test  runs  performed  during  the  experimental  program 
exceeds  the  number  indicated  in  Tables  IV  and  V  for  two  reasons.  First,  a 
number  of  tests  investigated  specific  facets  of  the  testing  technique  such  as 
data  reproducibility,  effect  of  pressure  disturbances  at  the  exit  of  the 
outer  nozzle,  and  jet  alignment.  Results  from  some  of  these  tests  are  reported 
in  Section  3.4.  Second,  not  all  tests  were  fully  successful  and  some  measure¬ 
ments  at  selected  conditions  were  repeated.  The  measurements  from  a  number 
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of  these  duplicated  tests  contain  data  valuable  for  appraising  the  core  data 
base.  These  data  are  in  the  form  of  repetitive  measurements  of  pressure, 
temperature,  or  gas  composition,  and  of  measurements  of  the  sensitivity  to 
perturbations  in  jet-to-ambient  pressure  ratio.  The  measurements  that  con¬ 
stitute  the  core  data  base  are  tabulated  in  Appendices  I  and  II  of  this  report. 

3.3  JET/ STREAM  CHARACTERISTICS 

An  illustrative  overview  of  the  key  features  of  the  test  jets,  the 
outer  stream,  and  the  mixing  ragion  is  presented  in  this  subsection  with  the 
aid  of  typical  measurement  histories.  Both  quiescent  and  wind-on  cases  are 
discussed.  Data  from  all  the  tests  closely  resemble  the  traces  shown  in  this 
section,  with  particular  differences  due  to  different  mixtures  and  initial 
test  conditions. 


Figure  18  presents  flow  variable  histories  of  a  jet  discharging  into 
a  wind-on  and  still  ambient  and  schematically  shows  the  points  of  measurement. 

The  jet  behavior  is  shown  in  Figure  18a.  The  measurements  of  stagnation  pres¬ 
sure,  P^j,  in  the  nozzle  plenum  present  the  expected  characteristics  of  an 
initial  sudden  rise  in  pressure  followed  by  a  constant  plateau.  The  initial 
transient  lasted  no  more  than  25  ms.  The  plateau  corresponds  to  the  steady  supply 
conditions  that  existed  in  tb?  charge  tube  behind  the  expansion  fan  travelling  upstream. 
In  the  case  shown  this  is  of  the  order  of  150  ms.  Viscous  effects  in  the  long, 
small  diameter  tube  were  responsible  for  the  slight  steady  decline  in  pressure.  The 
jet  duration  varies  inversely  with  the  speed  of  sound,  hence  it  was  shorter  at 
the  lower  molecular  weight  of  the  gas  mixtures  and  at  the  higher  charge 
temperatures.  Although  the  jet  duration  is  independent  of  the  nozzle  used,  the 
highest  charge  temperatures  with  pure  were  used  in  »  4  tests  resulting  in 

the  shortest  jet  duration.  The  test  plateau  in  this  latter  case  lasted  at 
least  50  ms. 
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The  recovery  tanperature  trace,  in  the  nozzle  plenum  also  shows 

the  initial  transient  phenomena  followed  by  the  steady  flow  period.  The 
apparent  long  duration  of  the  transient  resulted  from  the  response  lag  of 


the  probe.  The  initial  overshoot  in  temperature  is  associated  with  the 
passage  of  the  starting  shock,  soon  followed  by  the  cooler  expanded  gas  from 
the  charge  tube. 


In  Figure  18b  pressure  and  temperature  measurements  in  the  supply 
tube  upstream  of  the  metering  venturi  are  shown.  These  measurements  helped  to 
monitor  the  performance  of  the  jet  apparatus.  As  expected,  their  behavior 
corresponded  closely  to  those  of  and  T^j.  A  notable  difference  is  the 
immediate  cooling  at  flow  initiation  since,  at  this  position,  only  the  expansion 
fan  travelling  upstream  sweeps  the  probe. 

Representative  pressure  conditions  at  the  exit  plane  of  the  jet  are 
shown  in  Figure  18c.  The  probe  measured  the  static  pressure  of  the  jet 
and  the  probe  the  static  pressure  of  the  ambient  in  which  the  jet  discharged. 
The  ambient  pressure  was  only  slightly  disturbed  by  the  jet  initiation  and 
remained  close  to  the  initial  level  during  the  steady  test  time.  As  desired, 
during  this  later  time  interval,  the  jet  and  ambient  pressure  were  very  nearly 
equal  to  each  other.  To  maintain  this,  small  ajdustments  in  the  pressure 
level  of  the  test  section  were  necessary,  depending  on  the  nozzle  and  the 

gas  mixture  used. 


The  test  jets  discharged  in  the  >  2  nitrogen  stream  in  the  wind-on 
mixing  experiments.  Initially  all  chambers  were  filled  with  nitrogen  at  ambient 
teng)erature.  The  CLT  driver  pressure  was  set  so  that  the  static  pressure  at 
the  exit  of  its  supersonic  nozzle  matched  the  pressure  of  the  jet  and  the  ambient 
during  the  test.  The  CLT  supersonic  stream  was  initiated  simultaneously  with 
the  jet  by  rupturing  the  mylar  diaphragm  that  separated  the  high  pressure 
driver  from  the  low  pressure  tank.  Using  matched  pressure,  only  weak  waves 
may  have  been  present  in  the  test  flow  although  none  were  identified  in  the 
flowfield  surveys. 


Pressure  and  temperature  measurements  in  the  plenum  and  at  the  exit 
of  the  M  =2  nozzle  to  verify  CLT  operation  were  taken,  and  they  are  pre¬ 
sented  in  Figure  18d,  e.  The  CLT  plenum  stagnation  pressure,  »  ^ose 
sharply  to  a  well  defined  plateau  of  about  80  ms  duration  (Figure  18d). 
Correspondingly,  the  recording  of  the  recovery  temperature,  reports 

cooling  to  the  level  predicted  by  performance  calculations.  The  stagnation 
pressure  was  monitored  again  in  the  M  »  2  stream  at  the  exit  plane  of  the 

t 

conical  nozzle.  It  was  obtained  from  the  pitot  measurement,  Figure  18e. 

After  the  initial  starting  transient  (cutting  of  diaphragm,  passage  of  starting 
shock),  the  flow  shows  an  extremely  uniform  plateau  during  which  the 
jet  mixing  was  initiated.  The  static  pressure,  »  in  the  M  »  2  stream 
maintained  a  behavior  substantially  similar  to  the  one  described  in  quiescent 
tests. 


Synchronization  of  the  jet  and  outer- stream  constitutes  an  important 
aspect  of  the  short-duration  testing  technique.  The  objective  is  to  time  the 
firing  sequence  so  that  the  steady-state  jet  discharge  optimally  coincides 
with  thv  steady  flow  available  from  each  component  of  the  apparatus.  Figure  19 
shows  that  firing  the  jet  3  ms  after  the  outer  stream  achieved  the  objective. 

In  this  case,  no  adverse  effects  caused  by  mutual  interference  during  the  starting 
process  were  found.  In  fact,  mutual  interference  effects  were  proven  to  be 
very  modest  over  a  range  of  sequences  going  from  cases  in  which  the  jet  was 
initiated  20  ms  before  the  CLT  stream  to  cases  in  which  the  jet  was  initiated 
10  ms  after  the  CLT. 

The  jet  stagnation  pressures  were  different  for  each  nozzle  as 
determined  by  the  gas  expansion  to  the  selected  ambient  pressure.  Figure  20- 
shows  traces  illustrative  of  the  =  4,  3  and  2  nozzle  performance.  The  cor¬ 
responding  static  pressures  at  the  exit  plane  are  included.  In  each  of  these 

cases  the  jet  duration  extended  beyond  the  200  ms  time  mark  because  of  the  high 
nitrogen  content  (more  than  30%)  of  the  gas  mixture  used.  Gas  mixture  differences 
also  slightly  influence  the  rate  of  pressure  drop  during  steady  flow  because 
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of  the  viscosity  effects  in  the  charge  tube.  The  requirement  that  P  .  could 
not  be  reduced  by  more  than  5%  in  any  test  during  the  50  ms  test  interval  was 
met  in  the  experiments.  For  each  of  the  nozzles,  the  measured  ratio  of  static- 
to-total  pressure  was  used  to  establish  the  actual  Mach  number  of  the 

jets.  The  average  values  and  standard  deviations  coiiq>uted  from  a  number  of 
tests  having  the  same  nominal  conditions  are  presented  in  Table  VI. 

A  difficulty  was  encountered  in  the  operation  of  the  a  2  nozzle. 
Under  some  combinations  of  charge  pressure  and  gas  mixture,  it  mi.  not  possible 
to  establish  nozzle  flow  into  the  usual  ambient  pressure.  This  was  traced 
to  an  unsteady  viscous-inviscid  interaction  phenomena  caused  in  U:.e  venturi  by 
the  strength  of  the  throttling  shock.  The  •  2  experimental  results  were 
obtained  in  test  cases  where  the  jet  unsteadiness  either  I  did  not  occur  naturally, 
or  was  prevented  by  altering  the  test  procedure.  In  the, latter  case  the  jet 
was  initiated  into  the  CLT  tank  pressurized  at  a  very  low  level.  Quickly 
thereafter,  mixing  at  the  desired  ambient  pressure  was  established  by  initiating 
the  CLT  stream  at  the  usual  flow  level.  Based  on  the  diagnostics  available, 
the  Mj  ■  2  results  appear  fully  valid,  however  anomalies  in  the  mixing  measure¬ 
ments  (discussed  later)  were  later  detected.  It  is  possjlble  that  these  anomalies 
are  associated  with  larger  fluctuations  upstream  of  the  nozzle  throat. 

I  •  • 

! 

Two  of  the  test  conditions  selected  for  the  mixing  experiments  required 
the  use  of  heated  jets.  In  Figure  21  the  jet  characteristics  of  these  cases 
are  illustrated  with  reference  to  the  ■  4  nozzle.  The  total  tonperature, 

T^^.,  of  the  jet  increased  undesirably  during  the  test  time.  There  are  two 
possible  causes  for  the  temperature  variations.  Residual  longitudinal  tempera¬ 
ture  variations  in  the  charge  gas  may  have  been  present  after  heating  and 

equilibration.  As  the  gas  is  expelled  through  the  nozzle  these  appeared  as 
temporal  variations.  Transversal  variations  in  the  temperature  of  the  charge 
gas  were  present  as  it  flowed  to  the  nozzle  plenum  because  the  boundary  layer 
became  heated  inside  the  charge  tube.  As  the  expansion  fan  progressed  upstream 
in  the  tube,  more  of  the  boundary  layer  flow  contributed  to  the  gas  in  the 
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plenum  of  the  nozzle.  This  may  have  caused  the  temporal  temperature 
variations  observed.  In  any  case  the  impact  of  this  observed  temperature 
behavior  on  the  mixing  measurement  was  assessed  and  found  to  be  acceptable 
within  the  scope  of  these  experiments.  The  measured  change  in  T^^  during  the 
test  time  could  only  cause  a  percentual  deviation  in  the  initial  velocity 
of  the  jet  less  than  -  2%  of  the  computed  value. 


Representative  measurements  in  the  jet  mixing  region  for  a  no-wind 
case  are  shown  in  Figure  22  and  for  a  wind-on  case  in  Figure  23.  In  the  figures, 
the  flowfields  are  described  by  their  measured  '•adial  distributions  of  pitot 
pressure  and  selected  local  histories  for  each  gasdynamic  measurement. 

Surveys  at  two  axial  stations  are  also  presented.  Radial  pitot  probe  data  at 
the  X/Rj  »  20  axial  station  (30  inches  downstream  of  jet  exit  nozzle)  are 
given  in  Figure  22a.  The  close-in  probe  data  shown  by  3L  1  closely  follows 
the  P^j  temporal  behavior  discussed  above.  This  correspondence  decreased 
steadily  at  larger  radial  locations  until  the  T8  probe,  located  9  inches  off- 
axis,  essentially  recorded  the  ambient  tank  pressure. 


Radial  static  probe  data  at  X/Rj  »  20  are  given  in  Figure  22b.  The 
innermost  probe  (S4  at  0.5")  indicated  that  after  the  initial  transient  the 
static  pressure  dropped  about  0.15  psi  below  the  ambient  tank  level  and 
remained  at  that  level  for  the  test  duration.  Farther  off-axis  (probe  S3  at  ■ 
7"),  the  recorded  pressure  equalled  that  of  the  ambient  tank.  Its  temporal 
behavior  can  be  directly  compared  with  the  pressures  shown  in  Figure  18c,  which 
gives  the  test  chamber  pressure  history.  The  probe  in  Figure  18c  is 
located  at  the  exit  of  the  CLT  nozzle,  which  for  the  quiescent  tests  represents 
an  integral  part  of  the  test  section  volume.  The  direct  correspondence  among 
the  records  is  readily  observed.  The  pressure  data  presented  in  Figure  22 
show  that  the  available  test  time  was  terminated  by  the  appearance  of  the  wave 
reflected  from  the  tank  endwall.  This  occurred  approximately  100  msec  after 
the  jet  ball  valve  was  opened. 

Radial  temperature  probe  data  at  the  X/Rj  =  20  station  are  given  in 
Figure  22c.  The  close-in  probe,  TC12,  remained  at  ambient  temperature  for  the 
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entire  duration  of  the  test.  Farther  off-axis  probe  LTTO  recorded  a  negligible 
temperature  rise. 


Similar  pitot  and  static  probe  data  are  presented  for  X/R^  =  100 
in  the  remaindei  of  Figure  22.  The  predicted  behavior  of  the  measurements 
associated  with  the  jet  velocity  decaying  axially  and  spreading  radially 
is  apparent.  Notable  here  is  the  progression  in  the  level  of  fluctuations  at 
selected  locations  in  the  mixing  region  and  the  degree  of  uniformity  indicated 
by  the  measurements  of  the  static  pressure. 


The  flowfield  of  a  jet  mixing  into  an  outer  stream  is  described  with 
the  aid  of  Figure  23  using  the  same  approach  used  for  Figure  22.  Radial  pitot 
probe  data  at  the  X/R^  *  20  axial  station  are  given  in  Figure  23a,  b,  c.  Again 
the  close-in  probe  data  shown  in  Figure  23a  closely  follows  the  temporal  be¬ 
havior  of  the  jet  pitot;  the  level  decreasing  steadily,  and  moving  off-axis, 
and  approaching  the  level  measured  in  the  outer  stream  (probe  T8  at  9"). 


Radial  static  probe  data  at  X/Rj  ■  20  are  given  in  Figure  23b.  At 
the  0,5"  and  2.5"  locations  the  probes  indicated  that,  after  the  initial 
transient,  the  static  pressure  dropped  slightly  below  the  ambient  tank  level 
and  remained  at  that  le.'el  for  the  full  test  duration.  Farther  off-axis 
(probe  S3  at  7")  the  pressure,  after  the  initial  transient,  returned  essentially 
to  the  initial  ambient  level.  This  transitory  behavior  can  be  compared 
directly  with  that  shown  in  Figure  18e  (which  gives  the  outer  stream  pressure 
history).  Here  again,  the  direct  correspondence  among  the  records  is  readily 
observed. 

Radial  temperature  probe  data  at  the  X/R^  »  20  station  are  given  in 
Figure  23c.  The  close-in  probe,  TC13,  started  at  ambient  temperature  (shown 
as  0*F  on  the  scale),  increased  as  the  starting  shock  traversed  the  probe,  and 
then  decreased  as  the  actual  jet  gas  flow  passed  it.  The  steady  flow  level 
corresponded  closely  to  that  measured  in  the  plenum  of  the  jet.  The  farthest- 
out  probe,  TC12,  located  outside  of  the  jet  mixing  region  and  thus  encountering  only 
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the  M5^=  2  ambient  flow,  behaved  quite  differently.  A  starting  transient 
was  still  present  but  cooling  followed  and  continued  to  the  level  measured 
in  the  CLT  plenum.  As  expected,  the  behavior  of  probes  situated  in-between 
TC-13  and  TC-12  showed  similarities  in  temporal  variation  and  level  that 
progressively  shift  from  duplicating  the  jet  to  duplicating  the  outer  stream. 

Also  illustrating  the  wind-on  nixing  case,  measurements  of  pitot, 
static,  and  temperature  at  X/Rj  =  100  are  presented  in  the  remainder  of 
Figure  23.  The  decreased  rate  of  decay  in  the  jet  velocity  along  the  axis 
and  the  change  in  the  spreading  rate  are  apparent  even  in  these  illustrative 
comparisons.  However,  density  differences  are  also  of  significance  here  as 
discussed  in  Section  4. 

Because  of  the  innovative  nature  of  the  short-duration  jet  apparatus 
used  to  obtain  the  mixing  measurements  in  the  Calspan  experiments,  the  early 
series  of  tests  ’  were  mainly  to  verify  the  performance  of  the  apparatus  and 
the  validity  of  the  technique.  Generally,  the  initial  tests  involved  three 
types  of  experiments:  (1)  check  out  experiments  to  document  the  duration 
of  the  steady  test  time,  the  quick  valve  operation  repeatability,  the  GSP 
timing,  and  the  jet/CLT  sypehronization,  (2)  technique  validation  experiments 

to  establish  the  reproducibility  of  the  data,  the  validity  of  assuming  the  jet 
alignment  known,  and  the  influence  of  the  expansion  waves  from  the  lip  of  the 
CLT  nozzles  on  turbulent  mixing  and  (3)  initial  turbulent  mixing  experiments  to 
observe  the  aata  character  for  exemplary  test  cases  ranging  over  a  number  of  survey 
locations  and  test  conditions.  Results  from  the  checkout  experiments  were  reviewed 
earlier  in  this  section.  Results  from  the  technique  validation  experiments  are 
briefly  reviewed  here.  Section  4  presents  all  results  from  turbulent  mixing  experiments. 


Reproducibility  of  the  data  in  the  context  of  the  short-duration 
experimental  technique  implies  both  the  ability  to  reset  identical  test 


conditions  from  test  run  to  test  run,  as  the  flowfield  is  surveyed  at 
different  locations,  and  the  repeatability  of  the  data  in  identical  tests. 
Reproducibility  of  test  conditions  in  the  CLT  have  been  documented  in  a  variety 
of  studies  and  specifically  in  several  investigations  of  fundamental  flowfield 
phenomena.  The  whole  apparatus  used  In  the  turbulent  mixing  experiments 
operates  essentially  like  the  CLT  facility,  and  the  previous  experience  is 
directly  applicable.  Nevertheless,  this  conclusion  was  checked  in  a  few 
tests.  In  Figure  24,  the  repeatability  of  the  data  is  shown  for  a  survey  of 
radial  pressures  close  to  the  exit  plane  of  the  ■  4  nozzle.  The  excellent 
agreement  obtained  in  the  two  independent  sets  of  measurements  is  representative 
of  the  repeatability  expected  under  nearly  identical  test  conditions.  The 
ability  to  control  test  conditions  to  be  very  nearly  the  same  while  mapping 
the  flowfield  in  separate  tests  is  documented  in  the  jet/strsam  performance 
measurements  given  in  Appendix  I. 

Concern  that  flow  disturbances  strong  enough  to  disturb  the  test 
region  may  originate  at  the  lip  of  the  CLT  nozzle  arose  because  the  nozzle  is 
conical.  It  generates  a  slightly  diverging  flow  that  is  turned  in  the 
receiver  tank.  To  resolve  this  concern,  measurements  were  made  at  a  fixed 
axial  location  with  and  without  a  CLT  nozzle  extension  of  3  feet.  If 
disturbances  had  been  present,  pressure  distribution  differences  arising  from 
the  formation  of  a  definite  test  rombus  delineated  by  weak  waves  would  have 
resulted.  None  were  detected  as  is  indicated  in  Figure  25  and  in  the 
corresponding  static  pressure  surveys. 

Several  tests  were  undertaken  to  measure  the  jet  boundary  layer 
near  the  exit  plane  of  the  jet  nozzles.  These  tests  used  the  boundary- layer 
probe  array  installed  at  the  exit  plane  (Figure  2).  The  influence  of  the 
boundary  layers  on  the  mixing  phenomena  investigated  in  these  experiments 
is  presented  in  Section  4. 


3.4 


DATA  REDUCTION 


Section  3.2  explained  how  the  primary  measurements  were  obtained 
and  filed  in  two  basic  formats:  1)  histories  of  pressure  and  temperature 
and  2)  composition  values  from  the  analysis  of  the  captured  gas  samples. 

The  initial  step  in  the  data  reduction,  which  was  also  described  in  Section  3.2, 
was  the  averaging  of  the  gasdynamic  probe  data  records  over  the  40  ms  time 
interval  of  steady  test  flow  matching  the  gas  capture  interval.  From  this 
point  to  the  computation  of  radial  velocity  profiles  in  the  mixing  flow,  a 
combination  of  special  purpose  software,  implemented  on  the  DDAS  computer, 
and  mainframe  programs  were  utilized.  The  DDAS  data  handling  package  can 
autcanatically  execute  the  entire  data  reduction  procedure  transforming  the 
primary  measurements  into  radial  velocity  profiles.  The  code  starts  with  a 
table  of  averaged  measurements,  such  as  the  one  given  in  Figure  17,  and 
combines  each  probe  value  with  a  file  of  probe  locations.  At  this  stage  a 
tabulation  that  summarizes  all  the  results  obtained  during  a  test  run  can  be 
generated.  Alternatively,  a  tabulated  summary  could  also  be  obtained  from 
punched  or  magnetic  data  records  transferred  to  the  mainframe  computer.  An 
example  of  a  test  run  summaiy  of  this  type  is  given  in  Figure  26. 

In  Figure  26,  the  mixing  measurements  from  test  run  2.16  (Run  No.  16 
from  the  experiments  of  Phase  II)  are  listed.  They  are  used  in  the  following 
discussion  to  illustrate  the  remaining  data  reduction  steps  to  obtain  velocity 
profiles.  The  table  first  lists  the  test  conditions  of  the  experiment:  Mach 
numbers  of  the  jet  (MJ)  and  ambient  (MA),  density  ratio  (RHA/RHJ  = 
and  the  survey  location  (x/RJ) .  Jet  and  ambient  parameters  are  listed  .lext  and 
include  gas  composition  (XH2)  and  molecular  weight  (MWJ),  initial  total 
temperatures  (TO),  initial  total  and  static  pressures  (PO  and  P)  and  initial 
velocities  (U).  The  measurements  taken  in  the  mixing  region  are  listed  under 
the  heading  "mixing  sur\'ey".  Four  listings  present  the  measurements  of  pitot 
and  static  pressure,  composition  of  gas  samples,  and  recovery  temperature 
versus  their  radial  location.  The  latter  is  indicated  in  two  ways.  The 
values  of  the  coordinates  Y  and  Z  represent  the  location  of  the  measurements 
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in  the  cartesian  frame  of  reference  having  its  origin  at  the  center  of  the 
cruciform  holding  the  probes,  the  Z  axis  vertical  and  the  Y  axis  horizontal. 
A  value  of  zero  indicates  the  origin  or  center  of  the  particular  plane.  The 
value  of  the  coordinate  R  gives  the  radial  distance  of  each  measurement  from 
the  actual  axis  of  symmetry  of  the  jet.  The  location  of  this  axis  was 
determined  by  reflection  of  diametrically  opposed  measurements  as  explained 
below. 


The  actual  axis  of  the  jet  was  located  by  reflecting  diametrically 
opposed  measurements  of  pitot  pressure  (in  the  vertical  plane)  and  of  H2  mole 
fractions  (in  the  horizontal  plane).  Next,  the  radial  distances  of  each 
probe  from  the  jet  axis  were  computed.  In  test  run  2.16,  the  jet  axis  was 
found  to  be  displaced  0.15  in  the  positive  Y  direction  and  0.20  in  the 
negative  Z  direction.  Probe  coordinates  were  computed  with  respect  to  a 
reference  frame  with  the  origin  on  the  jet  axis,  and  the  value  of  R  listed  in 
the  table  was  recomputed  accordingly.  In  general,  the  jet  axis  adjustment 
was  found  to  be  on  the  order  of  *  0.25  in,  with  variations  introduced  by 
rake  positioning  and  nozzle  changes  made  without  moving  the  survey  rake.  When 
the  correction  for  jet  misalignment  was  completed,  the  results  provided  the 
final  radial  profiles  of  gas  mixture,  pitot  and  static  pressures,  and 
temperatures.  Plots  of  the  data  in  this  format  for  all  the  test  runs  are 
available  in  Reference  4. 

In  the  next  data  reduction  step,  the  radial  distributions  of  the 
mixing  variables  were  fitted  with  cubic  spline  lines.  Computation  of  velocity 
values  requires  interpolation  of  the  measurements;  this  can  be  done  in  any 
number  of  ways  once  the  primary  data  is  properly  fitted.  Initially,  in  these 
experiments,  the  approach  was  to  interpolate  at  a  dense  set  of  radial  positions 
obtained  by  using  all  of  the  available  data  of  pitot  pressure  and  gas  composi¬ 
tion.  For  each  of  these  radial  positions  the  remaining  three  distributions 
were  interpolated  so  that  a  set  of  mixed  measured- interpolated  values  were 
obtained  to  generate  velocity  data.  This  was  accomplished  as  follows.  Ratios 
of  static  pressure  to  pitot  pressure,  P/p^  were  computed  at  each  radial 
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location.  From  these  ratios,  the  radial  distribution  of  Mach  number  was 
derived  using  the  isentropic  flow  relationship  in  subsonic  flow  regions 
(P/p^> 0.5283)  and  by  using  the  Rayleigh  pitot  formula  where  the  flow  was 
supersonic.  In  all  computations,  a  ^  value  of  1.4  that  applies  to  these 
diatomic  gas  mixtures  was  used. 

The  gas  sampler  probe  data  was  then  used  to  obtain  the  molecular 
weight  of  the  gas  mixture  at  the  selected  radial  locations  using 

«^«ix  -  28.02  .  2.016  . 

-  28.0  -  26.0  Xjj 

where  Xj^  and  Xjj  are  the  mole  fractions  of  N2  and  H2. 

The  gas  mixture  constant,  R,  is  directly  proportional  to  the 
ffloiecular  weight.  The  relation  used  here  was 

Q  49740 

I  ‘‘mixture  ’ 

i 

Finally,  velocities  were  computed  using  the  relationship 


If  1*^ 

where  the  T  values  were  obtained  by  direct  measurement. 
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The  computed  velocity  distribution  for  Run  2.16  is  shown  in  Figure  27. 
The  figure  shows  that  the  velocity  data  points  were  calculated  only  at  fairly 
sparse  but  regularly  placed  radial  intervals.  Because  the  effort  required  to 
collect  the  measurements  was  larger  than  anticipated,  the  data  reduction  effort 
had  to  be  streamlined.  One  of  the  steps  taken  was  to  calculate  velocity  profiles 
at  fewer,  regularly  spaced  interpolated  points.  The  resulting  velocity 
profiles  do  not  retain  the  information  or  the  scatter  of  the  original 
measurements,  but  this  information  is  still  available  from  the  measurements 
listed  in  Appendix  I. 

Once  the  detailed  mapping  of  the  mixing  flowfield  was  completed, 
in  terms  of  velocity  profiles  and  individual  primary  measurements,  the  analysis 
of  the  results  began.  In  accordance  with  the  initial  aim  of  the  investigation, 
the  results  are  to  be  a)  compered  directly  with  existing  computations,  such 
as  those  from  the  SPF  and  b)  applied,  after  cross  correlation  and  inter¬ 
pretation,  to  establish  trends  in  global  mixing  characteristics  based  on  density 
ratio  and  Mach  number.  In  connection  with  the  latter  objective,  one  observation 
is  pertinent.  To  describe  mixing  characteristics  such  as  core  length,  center- 
line  velocity  decay,  and  spreading  rate,  the  velocities  at  the  jet  axis  in  the 
mixing  region  and  in  the  surrc>unding  ambient  must  be  known.  In  these 
experiments  the  primary  measui-ements  extended  sufficiently  off-axis  so  that 
the  velocity  outside  the  jet  was  firmly  established.  The  velocity  at  the  jet 
centerline,  however,  was  usually  not  directly  available  because  only  one  probe 
could  be  located  there,  and  preference  was  given  to  gas  sampling.  The 
velocities  in  the  jet  axis  had  to  be  obtained  by  either  of  two  methods: 
a)  for  profiles  in  the  core  they  were  obtained  by  linear  fitting  of  the 
available  data  points  collected  off-axis  and  b)  for  other  profiles  a  circle 
w^j  dravn  through  the  data  point  closest  to  the  jet  axis  tangent  to  a  line 
between  the  last  two  data  points  (as  shown  in  Figure  27).  Where  appropriate, 
the  max  core  velocity  limit  was  not  surpassed. 

The  results  of  the  experiment  are  presented  and  interpreted  in  the 
next  section  to  establish  an  initial  description  of  the  mixing  characteristics. 
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Section  4 

RESULTS  AND  DISCUSSION 


This  section  contains  the  mixing  measurements  obtained  during  the 
test  runs  listed  in  Tables  IV  and  V.  In  addition,  typical  test  data  were 
selected  to  illustrate  several  key  features  and  characteristics  of  the 
measurements,  their  effect  on  final  test  results,  and  the  process  used  to 
generate  the  description  of  mixing  from  the  velocity  profiles.  The 
results  are  presented  in  tabular  form  together  with  data  summaries  for 
clarification  and  then  are  briefly  discussed  in  relation  to  the  objectives 
of  the  experiments. 

The  experiments  are  discussed  from  the  point  of  view  of  identifying 
the  trends  that  emerge  in  the  supersonic  mixing  behavior  when  jet  densities 
and  Mach  number  are  varied.  Accordingly,  the  results  of  the  experiments 
have  been  divided  into  three  major  parts: 

a)  influence  of  density  on  the  mixing  of  ■  3  jets  into  still 
ambient, 

b)  influence  of  density  on  the  mixing  of  *  4  jets  into 
2  ambient,  and 

cl  influence  of  Mach  number  on  the  mixing  of  high  and  low  density 
jets. 

4.1  MIXING  MEASUREMENTS 

The  mixing  measurements  obtained  during  the  test  runs  listed  in 
Table  III  are  contained  in  Appendix  I  ordered  by  the  test  conditions  shown 
in  Table  III.  Jet  (MJ)  and  a.mbient  (MA)  Mach  numbers,  density  ratio 
(RHA/RHJ  =  ),  and  survey  location  (x/RJ)  are  included,  and  are 

followed  by  jet  and  ambient  parameters,  including  gas  composition  (XH2) 
and  molecular  weight  (MWJ),  initial  total  temperatures  (TO),  initial 
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total  and  static  pressures  (PO  and  P),  and  initial  velocities  (U) .  The  measure¬ 
ments  taken  in  the  mixing  region  are  listed  with  their  axial  locations  under 
the  heading  "mixing  suwey."  In  rao*;t  cases,  four  listings  present  the  measure¬ 
ments  of  pitot  and  static  pressure,  gas  samples  composition  and  recovery 
temperature,  all  versus  their  radiai  location.  As  indicated  earlier,  the 
latter  is  indicated  in  two  ways.  Tie  values  of  the  coordinates  Y  and  Z  (or 
only  one  when  the  ether  is  equal  to  tero)  represent  the  location  of  the 
measurements  in  the  cartesian  frame  of  reference  having  its  origin  at  the  center 
of  the  cruciform  holding  the  probes,  the  Z  axis  vertical  and  the  Y  axis  horizon¬ 
tal.  The  value  of  the  coordinate  R  is  the  radial  distance  of  each  measurement 
from  the  jet's  actual  axis  of  symmetry.  Where  applicable,  the  location  of  this 
axis  was  determined  by  reflection  of  diametrically  opposed  measurements. 

A  few  of  the  tests  listed  in  Appendix  I  do  not  show  recovery  temperature 
measurements.  This  is  due  to  the  fact  that,  under  some  testing  conditions,  the 
temperature  probes  used  in  the  early  tests  responded  unsatisfactorily  to  the 
temperature  changes  measured.  Accordingly  these  early  measurements  have  been 
deleted. 


Table  VI  summarizes  the  values  of  the  initial  and  reference  parameters 
that  define  each  test  run.  The  Ludwieg  Tube  test  chamber  pressure  (Pj.g£)  and 
temperature  were  recorded  just  prior  to  jet  initiation. 


The  reference  pressure  was  varied  from  run  to  run  to  obtain  the  desired 
match  between  jet  and  ambient  pressures  at  the  jet  nozzle  exit  plane.  In  the 
ideal  inviscid  case,  the  jet  pressure  at  the  nozzle  exit  depends  only  on  the 
jet  supply  pressure,  and  this  was  estimated  prior  to  each  test  run.  In  practice, 
adjustments  were  necessary  depending  on  the  gas  jet  supply  and  on  the  nozzle 
used  and  necessitated  by  viscous  effects,  such  as  charge  tube  blockage  and 
throttling  shock  displacement,  which  influence  the  performance  of  the  double 
expansion  Ludwieg  Tube  jet  supply.  With  the  exception  of  two  test  cases  using 
the  Mj  =  2  nozzle,  reference  pressure  values  between  1.5  and  2.0  psia  were  used. 
As  discussed  earlier,  the  Mach  2  nozzle,  when  used  to  generate  low  density  jets, 
could  not  be  started  into  an  ambient  having  an  equal  pressure  level. 
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Actual  reference  temperature  values  were  recorded  at  the  time  of  the 
tests.  Their  variation  from  test  to  test  is  negligible  and  the  average  value 
of  528 °R  was  used  in  reducing  the  measurements.  The  actual  jet  composition 
(xj^  )  in  units  of  mole  fraction  of  hydrogen  are  indicated  in  column  3  of 
Table  VII.  The  molecular  weights  in  coltmtn  4  were  computed  from  the  known 
gas  compositions. 


The  remaining  columns  of  Table  VII  present  actual  run  information. 

The  values  are  averages  taken  over  a  specific  time  interval  as  indicated 
previously.  The  jet  total  temperature  (T^j)  and  pressure  (P^j)  measured 
in  the  nozzle  plenum.  Most  of  the  experiments  were  made  with  the  jet  supply 
at  ambient  temperature  prior  to  run  commencement.  For  these,  the  T^^  indicated 
are  at  or  near  reference  levels.  In  five  cases  the  gas  charge  was  heated, 
resulting  in  T  .  values  from  650  to  750®R.  The  three  levels  of  P  .  (approxi- 

oj  Oj 

mately  260,  90  and  20  psi)  indicated  in  column  6  of  the  table  correspond  to 

the  three  jet  Mach  numbers  all  having  nearly  the  same  exit  pressures.  The 

ambient  or  outer  stream  temperature  and  pressure  (P^^)  were  measured 

in  the  plenum  of  the  CLT.  The  two  levels  discernible  correspond  to  wind-on 

and  no-wind  test  cases.  The  static  pressures  in  the  jet  (Pj)  and  outer  ambient 

(P«o )  were  measured  at  the  jet  exit  plane. 


In  Table  VIII  the  values  of  the  initial  velocities  of  the  jet  (U^) 
and  the  outer  ambient  (U^)  are  listed  together  with  actual  density  ratios. 
All  values  in  the  table  were  computed  from  the  nominal  jet  and  ambient  Mach 
numbers  and  the  gas  temperatures  and  compositions  listed  in  Table  VII  using 


the  relationships: 
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4.2  BOUNDARY  LAYER  MEASUREMENTS 

Different  boundary  layers  developed  on  the  internal  surface  of  each 
of  the  nozzles  used  to  generate  the  mixing  jets.  For  each  nozzle,  differences 
were  expected  in  the  velocity  profile  of  the  boundary  layer  for  low  and  high 
jet  densities.  In  wind-on  test  cases,  a  boundary  layer  also  develops  on  the 
external  surface  of  the  nozzles.  These  layers  merge  at  the  origin  of  the 
mixing  region  and  influence  its  downstream  development.  The  eight  tests 
listed  in  Table  V  were  selected  to  define  the  magnitudes  and  profiles  of  the 
boundary  layers  which  affect  the  mixing  measurements  reported  in  the  previous 
section.  The  surveys  of  pitot  pressure  that  constitute  the  results  of  those 
tests  are  collected  in  Appendix  II. 

4.3  INFLUENCE  OF  DENSITY  ON  THE  MIXING  OF  M^  -  4  JETS  INTO  M^«  2  AMBIENT 

When  studying  jet  mixing,  it  is  common  to  use  the  mean  velocity  pro¬ 
files  for  a  synthetic  description  of  the  flow  behavior.  However,  in  these 
experiments  much  relevant  information  was  contained  in  the  behavior  of  the 
primary  flow  variables  themselves.  Accordingly,  the  discussion  here  will 
cover  the  principal  features  of  pitot  pressure,  composition  or  velocity 
observed  in  the  surveys. 

The  radial  distribution  of  gas  composition  for  a  case  in  which  the 
jet  and  the  outer  stream  had  the  same  density  is  shown  in  Figure  28  at 
axial  distances  of  10  to  100  times  the  initial  radius  of  the  jet  (run 
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numbers  1.8,  1.5  and  1.10).  Good  resolution  of  the  regions  of  largest 
gradient  were  obtained  together  with  measurements  extending  well  into  the 
outer  nitrogen  region.  The  jet  had  an  initial  composition  of  61%  hydrogen; 
a  residual  core  is  indicated  at  the  10  radii  location.  At  40  Rj,  the  core 
has  just  ended.  Downstream  the  maximum  concentration  on  the  axis  did  not 
decay  very  rapidly.  At  a  location  60  radii  from  the  nozzle  (not  shown  in 
the  figure)  about  75%  of  the  initial  level  was  measured;  at  100  radii  it  had 
decreased  to  65%  of  the  initial  level.  Spreading  in  the  radial  direction,  as 
indicated  by  the  point  where  essentially  no  hydrogen  was  measured,  is  seen  to 
have  moved  from  about  1.7  jet  radii  at  the  first  axial  survey  to  2.7  jet  radii 
at  40  Rj  and  to  4  jet  radii  at  the  last  survey  location. 

A  comparison  of  the  data  of  figures  28  and  29  shows  that  the 
estimated  centerline  pitot  pressure  decays  at  a  faster  rate  than  the 
corresponding  centerline  H2  fraction.  The  centerline  pitot  pressure  and 
H2  mole  fraction  decrease  to  36%  and  66%  of  the  initial  values,  respectively, 
at  a  distance  of  100  jet  radii  downstream  of  the  nozzle  exit  plane.  The 
radial  profile  of  measured  pitot  pressure  shows  a  distinct  change  in  the  way 
the  pitot  pressure  varies  between  the  centerline  and  external  stream  as  a 
function  of  the  proximity  to  the  nozzle  exit  plane.  At  10  nozzle  radii 
downstream  the  pitot  pressure  profile  shows  a  local  minimum  at  1.6  jet  radii 
off-axis.  This  corresponds  to  the  radial  position  of  the  theoretical  slipline 
between  the  jet  and  external  stream  which  also  corresponds  somewhat  to  the 
steep  gradient  in  H2  mole  fraction  shown  in  figure  28.  The  region  of  low  pitot 
pressure  shifts  outward  radially  at  the  same  rate  that  the  jet  spreads.  The 
value  of  minimum  pitot  pressure  increases  as  the  flow  proceeds  downstream 
until  the  deficit  disappears  at  about  the  CO  nozzle  radii  axial  position. 

Static  pressure  profiles  and  a  temperature  survey  associated  with 
this  'lowfield  are  listed  in  the  appendix.  The  static  pressure  remained  fairly 
constant  throughout  the  flow  region,  but  some  moderate  deviations  were  concen¬ 
trate!  near  the  jet  axis.  The  temperature  behavior  measured  in  test  run  2.37 
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is  typical  of  that  expected  in  all  wind-on  tests  with  the  jet  discharging  from 

initial  ambient  temperature.  The  jet  recovery  temperature  on  its  axis  is 

about  60®F  above  that  of  the  outer  stream.  The  difference  occurs  because 

in  the  supply  tube  of  the  outer  stream  the  gas  is  expanded  and  accelerated 

to  a  higher  velocity  from  the  same  initial  temperature.  The  outer  stream 

supply  operates  at  a  Mach  number  of  0.35,  while  the  jet  supply  operates  at 

14 

a  Mach  number  of  0.07.  In  accordance  with  the  theoretical  relationships 
which  describe  the  Ludwieg  Tube  operation,  a  lower  total  temperature  is 
obtained  for  the  supply  gas  flowing  at  higher  Mach  number.  A  consequence 
of  the  recovery  temperature  difference  between  jet  and  outer  stream  is  that 
a  radial  survey  in  the  mixing  region  shows  a  gradual  decrease  of  teiiq>erature 
off-axis  approaching  the  constant  level  of  the  outer  stream. 

How  these  measurements  are  combined  into  velocity  variations 
describing  the  near  field  to  far  field  mixing  is  shown  in  Figure  30.  At  the 
axial  location  of  10  the  core  velocity  of  3400  fps  was  constant  for  just 
under  one  jet  radius,  /^proximately  0.7  radii  further  off-axis  the  velocity 
had  dropped  to  a  minimum,  16%  below  the  level  of  the  outer  stream.  The  level 
of  the  outer  stream  was  reached  at  about  four  radii  off-axis.  At  the  40 
axial  location  the  centerline  velocity  was  200  fps  below  the  core  level  and 
dropped  to  the  level  of  the  outer  stream  in  a  distance  of  about  two  radii. 

A  residual  velocity  defect  of  about  5%  below  the  outer  stream  occurred  at  2.1 
radii  off-axis. 

Between  the  00  R^  and  the  100  R^  locations  the  velocity  at  the 
jet  centerline  decayed  more  gradually.  At  60  R^  the  velocity  defect  is  barely 
detectable  at  about  three  radii  off-axis.  At  the  100  R^  location  the  velocity 
decreased  monotonically  from  the  centerline  value  of  2500  fps  to  the  level  of 
the  outer  stream.  The  behavior  of  the  velocities  shown  in  Figure  30  corresponds 
qualitatively  to  the  expectations  for  mixing  jets.  The  velocity  defect, 
found  in  the  data  of  Figure  30  as  well  as  in  the  data  from  other  test  conditions, 
is  attributed  to  the  persisting  effect  of  the  boundary  layers  which  develop  on 
the  internal  and  external  surfaces  of  the  jet  nozzle.  The  observed  values  of 


/ 
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minimum  velocity  and  their  location  in  the  mixing  region  are  consistent  with 
the  indications  obtained  from  simple  calculations  based  on  an  estimate  of  the 
initial  boundary  layers. 

The  above  case  with  its  uniform  density  is  an  appropriate  baseline 
against  which  the  influence  of  density  variations  can  be  determined.  TTiis  was 
done,  for  example,  in  Figure  31  where  radial  velocity  distributions  at  axial 
location  40  R^.  are  compared  for  Poe>  values  of  0.6,  1.0,  3.0  and  9.  Best 
fit  lines  through  the  data  points  are  used  for  clarity  in  the  figure.  The 
observations  that  follow,  however,  are  firmly  based  on  toe  actual  measurements 
tabulated  in  the  appendix.  Starting  with  the  higher  jet  density  (  ^/|pj  “ 
the  velocity  distribution  retains  all  the  characteristics  of  the  uniform  density 
case.  In  particular,  the  outer  stream  level  was  reached  essentially  at  the 
same  off-axis  location  and  with  a  velocity  defect  present,  although  the  velocity 
defect  extended  further  off-axis.  The  initial  velocity  of  the  jet  was  26% 
lower  than  the  uniform  density  case,  thus  a  more  gradual  drop  in  the  radial 
direction  characterizes  this  velocity  profile. 

The  two  jets  with  density  lower  than  the  outer  stream  ■  3.0 

and  9)  displayed  characteristics  which  were  different  than  those  of  the  uniform 
density  case.  In  both,  a  region  of  constant  core  velocity  extending  a  half 
radius  appears  to  have  been  present.  In  the  jet  having  e»/pj  • 
velocity  defect  has  been  washed  out  completely.  This  may  be  attributed  to  the 
large  difference  in  velocity  between  the  jet  axis  and  the  outer  stream.  The 
inner  stream  reached  the  velocity  of  the  outer  (M^  ■  I!)  stream  at  about  three  radii 
off-axis.  The  velocity  defect  was  also  absent  in  the  case  of  the  jet  having 
=  9.  In  addition,  the  inner  stream  reached  the  outer  stream  velocity 
further  off-axis,  about  3.5  radii  from  the  centerline. 

The  relationship  of  pitot  pressure  and  gas  composition  to  the 
velocity  differences  evident  in  Figure  31  is  quite  interesting.  The  data  in 
the  appendix  indicate  that  there  are  moderate  differences  in  the  radial 
distribution  of  pitot  pressure  among  jets  of  different  densities  and,  in  fact. 
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such  differences  are  opposite  to  those  present  in  the  velocities.  This  means  that  at  a 

fixed  radial  location,  a  lower  pitot  pressure  is  associated  with  the  /p^  *  9 
case  and  a  higher  one  with  the  /pj  =*0.6  case.  As  a  consequence,  the 
velocity  is  directly  related  to  the  local  jet  composition.  In  the  cases  of 
interest  here,  the  density  of  the  jets  was  controlled  by  varying  the  initial 
H2  fraction  from  about  20%  to  100%.  However,  this  initial  difference  in 
composition  did  not  alone  account  for  the  higher  velocities  off-axis.  For 
example,  at  3  inches  from  the  jet  axis  the  ratio  of  local-to-core  H2  fraction  was 
zero  for  the  /pj  =0.6  case  but  about  40%  for  the  /p^  =  9  case.  Higher 
velocities  occurred  in  the  latter  case  as  a  consequence.  Thus,  at  a  fixed 
number  of  radii  downstream  from  their  origin,  the  less  dense  jets  penetrated 
farther  into  the  outer  stream.  This  indicates  that  a  greater  level  of 
turbulent  mixing  is  associated  with  the  lower  density  jet. 


The  influence  of  density  f£  »  4  jet  cases  is  stanmarized  by  the 
measured  axial  decays  of  centerline  jet  composition  presented  in  Figure  32. 

At  each  axial  station  shown,  the  centerline  H2  fraction,  (Xj.  was  normalized 
by  the  initial  level  in  the  core,  (Xjj  )j,q,  and  plotted  against  axial  distance 
on  a  logarithmic  scale.  In  this  format  the  variation  of  centerline  jet 
composition  is  approximated  well  by  straight  lines  through  the  data  points. 

The  figure  shows  that  the  decay  slope  does  not  differ  significantly  among 
different  jet  densities.  Figure  33  presents  core  lengths  estimated  from  the 
foregoing  data  by  extrapolating  the  slope  of  the  decay  to  the  measured  core 
compostion  for  each  test  case.  The  somewhat  surprising  result  that  core  length 
is  nearly  independent  of  density  ratio  is  indicated  in  the  figure.  A  core 
length  markedly  increasing  with  decreasing  ambient- to- jet  density  ratio  was 
expected  based  on  the  qualitative  consideration  that  denser  jets  would  be  able 
to  penetrate  farther  into  the  surrounding  ambient.  These  expectations  were 
quantitatively  supported  by  pretest  calculations.  Uncertainties  have  been 
estimated  for  each  data  point,  but  their  magnitude  does  not  alter  the  basic 
conclusion  drawn  from  the  results. 
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4.4 


INFLUEN'CE  OF  DENSITY  O.N'  THE  MIXING  OF  =  3  JETS  I.NTO  STILL  A.MBIENT 

As  in  the  case  of  =  4  jets  discharging  into  the  M^=  2  outer  stream, 
a  baseline  description  of  the  flowfield  was  established  for  M.  =  3  jets  dis¬ 
charging  into  the  still  ambient  by  surveying  one  test  case  at  four  axial 
locations  downstream  of  the  nozzle  exit  plane.  Here  again  the  case  of  a  jet 
matching  the  ambient  density  was  selected  as  the  baseline.  Only  surveys  at 
axial  station  60  were  possible  within  the  scope  of  the  program  to  charac¬ 
terize  the  effects  of  variations  in  the  value  of  As  a  consequence, 

the  final  interpretation  of  the  measurements  for  this  no-wind  set  of  test 
cases  must  rely  on  theoretical  calculations  to  bridge  the  gaps  in  the  available 
data.  However,  three  main  observations  are  warranted  at  the  present  stage. 


First,  the  sequence  of  surveys  taken  for  the  uniform  density  case  in 
test  runs  2.33,  2.19,  2.34  and  2.6  provided  data  for  an  estimate  of  the  core 
length.  This  was  done  using  the  procedure  based  on  the  known  core  level  and 
the  measured  rate  of  axial  decay.  For  these  test  runs,  a  core  length  extending 
about  17  Rj  downstream  of  the  nozzle  was  obtained.  Thus,  the  first  axial 
station  (x  =  20  R^. )  where  a  radial  survey  of  the  flow  variables  could  be  made 
was  outside  the  core.  The  measurements  are  shown  in  Figure  34.  The  jet  width, 
based  on  the  pitot  pressure  measurements,  is  about  4  inches;  however  traces  of  H2 
appear  to  have  diffused  1.5  inch  farther  and  into  the  surrounding  nitrogen. 
Corresponding  measurements  at  x  =  60  R^  indicated  that  the  jet  extended  about 
10  inches  off-axis  at  that  point,  and  the  H.,  fraction  on  the  jet  axis  had  dropped 
to  53%  of  the  core  level  while  the  maximum  pitot  pressure  was  about  one  third 
of  the  core  level. 

Second,  the  same  sequence  of  surveys  indicated  that  the  axial  rate  of 
decay  of  jet  core  composition  was  only  moderately  steeper  than  in  the  case  of 
a  Mj  =  4  jet  discharging  in  the  M^=  2  outer  stream  with  density  matched 
CSection  4.3). 


Third,  the  measurements  at  x  =  60  R^  for  jots  having  values  of 

0.6,  2  and  6  provided  an  estimate  of  the  influence  of  jet  density  on  core 
length.  (Test  run  2.53,  2.51  and  2.52  data  in  Appendix  I  contain  these 


measurements).  The  estimate  was  based  on  the  assumption  that  under  these  con¬ 
ditions  the  axial  rate  of  core  decay  was  again  negligibly  affected  by  density 
variations.  Core  lengths  that  increase  as  the  jet  densities  decrease  were  found. 
At  6  this  effect  resulted  in  a  core  length  more  than  S0%  longer  than  in 

the  unifoxn  density  case. 


4.5  INFLUENCE  OF  MACH  NUMBER  ON  THE  MIXING  OF  HIGH  DENSITY 

AND  OF  LOW  DENSITY  JETS 

Data  for  high  density  jets  (  0.6)  discharging  into  a  still 

ambient  were  collected  at  three  different  Mach  numbers  in  eight  tests:  for  the 
M.  ■  4  jet,  surveys  were  taken  at  axial  distances  of  60  and  80  radii  in  test 
runs  2. 54  and  2.47;  for  the  Mj  ■  3  jet,  at  the  same  axial  distances  in  test 
runs  2.53  and  2.50;  and  in  the  case  of  the  M^  ■  2  jet,  at  four  axial  distances 
from  20  to  100  radii  downstream  of  the  nozzle  in  test  runs  2.4,  2.41,  2.21 
and  2.28.  These  data  are  sufficient  for  (a)  comparing  jet  spreading  at  mid 
and  far  field,  (b)  comparing  core  decay  rates,  and  (c)  estimating  core  lengths. 
Only  observations  relative  to  the  last  two  will  be  made  here. 


The  above  data  at  different  Mach  number  and  fixed  ambient- to- jet  density 
ratio  were  first  utilized  to  determine  and  compare  the  rates  of  decay  in  the 
centerline  hydrogen  content  from  the  initial  core  value.  At  each  axial  station 
surveyed  the  centerline  value  of  Xjj  was  taken,  normalized  by  the  core  value, 
and  plotted  against  axial  distance  using  semi-logarithmic  scales  as  done  earlier 
in  Figure  32.  In  this  format  the  axial  decay  of  the  maximum  hydrogen  content  in 
the  mixing  jets  is  well  represented  by  a  straight  line  through  the  data  points. 
Comparing  the  slope  of  these  axial  decay  lines  it  is  found  that  their  value  is 
similar  in  the  case  of  Mach  4  and  3  jets,  but  that  in  the  Mach  2  case  the  slope 
is  steeper.  The  Mach  2  slope  is  based  on  the  combined  data  at  X  ■  20,  40  and 
60  R..  A  second  anomaly  in  the  M^  ■  2  results  is  that  the  gas  sampling  at 
X  *  100  R.  indicated  a  level  of  content  that  is  unchanged  from  the  level 
measured  at  the  preceding  station  (60  R^).  Since  a  well  defined  radial  profile 
is  present  in  the  data,  this  last  anomaly  may  be  explained  by  uncertainty  in 
the  absolute  level.  This  may  be  caused  by  the  very  low  values  of  H2  measured. 
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To  detennine  the  influence  of  Mach  numbers  on  core  lengths,  their 
values  were  estimated  by  extrapolating  the  H2  decay  lines  to  the  known  initial 
jet  composition.  The  data  at  Mach  4  and  3  verify  the  expected  result  of  a 
longer  core  length  for  the  jet  having  higher  velocity.  Specifically  the  core 
length  of  the  Mj  ■  4  jet  is  found  to  be  21  jet  radii  long.  The  core  length 
of  the  Mj  ■  4  jet  extends  38  R^.  The  data  at  the  Mach  number  of  2  are  again 
anomalous.  Figure  3S  shows  the  radial  distribution  of  H2  at  the  axial  station 
X  B  20  Rj.  A  residual  core  is  clearly  indicated.  The  data  are  extremely  well 
behaved  and  delineate  a  well  defined  radial  profile  even  at  these  low  H2  con¬ 
centrations.  However,  the  core  length  indicated  in  the  figure  is  inconsistent 
with  the  one  measured  for  the  M^  ■  3  case  because  the  initial  velocity  of  the 
Mj  »  3  jet  is  60%  higher  than  that  of  M^  »  2  jet. 

Data  for  low  density  jets  (  Pvf;  *  10)  discharging  into  a  M^  »  2 
outer  stream  were  collected  at  three  dlffer-.it  Mach  numbers  in  eleven  tests: 
for  the  Mj  *  4  jet,  surveys  were  taken  at  axiai  aistances  of  20,  40,  60  and 
100  radii;  for  the  Mj  ■  3  jet,  at  the  same  axial  distances;  and  for  the  Mj  ■  2 
jet,  at  4,  80  and  100  radii  downstream  of  the  nozzle.  The  measurements  pro¬ 
vided  a  fairly  complete  data  set  which,  for  the  purpose  of  this  report,  was 
examined  to  determine  core  length  and  rate  of  core  decay. 

The  data  collected  at  Mach  numbers  of  4  and  3  again  show  similar  rates 
of  axial  de'  ly  in  centerline  jet  composition.  The  core  length  of  the  Mj  =  3  jet 
was  estimated  to  be  30  jet  radii  long  while  the  Mj  ■  4  jet,  which  had  an 
initial  velocity  26%  higher,  penetrated  farther  into  the  outer  flow  with  a 
core  that  extended  about  45  radii.  The  Mj  =  2  data  offered  ambiguous  results 
that  have  not  been  resolved. 

The  tests  completed  in  these  experiments  include  other  cases  whose 
data  could  be  applied  in  an  investigation  of  the  influences  of  Mach  number  on 
the  mixing.  For  example,  two  rather  complete  surveys  of  uniform  density  were 
completed  for  no-wind  cases  with  jet  Mach  numbers  of  4  and  3.  Other  compari¬ 
sons  could  be  made  with  the  aid  of  calculations  to  bridge  differences  in  the 
location  of  survey  positions  or  jet  density.  These  investigations  could  not 
be  accommodated  within  the  practical  constraints  imposed  by  the  original 
program  scope  and  by  the  larger  than  anticipated  development  difficulties. 
However,  the  results  are  fully  documented  and  available  for  further  analysis 
by  the  author  or  other  investigators. 
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Section  S 
CONCLUSIONS 


In  support  of  AFRPL- sponsored  low-altitude  plume  research,  the  turbu¬ 
lent  mixing  of  supersonic  jets  has  been  experimentally  investigated  at  jet 
Mach  numbers  of  4,  3  and  2,  and  with  six  values  of  the  ambient- to- jet  density 
ratio  in  the  range  of  0.6  to  10.  A  comprehensive  data  base  has  been  created 
that  encompasses  thirteen  test  conditions  and  detailed  radial  surveys  of  pres¬ 
sure,  temperature  and  gas  composition  taken  at  axial  locations  within  0  to 
100  jet  radii  downstream  of  the  exit  plane.  The  data  base  will  be  useful  in 
the  selection  and  validation  uf  turbulence  model  compressibility  corrections 
to  be  used  in  the  JANNAF  Standard  Plume  Flowfield  Model  (SPF).  In  addition, 
the  data  indicates  important  trends  in  the  mixing  characteristics  as  jet 
density  and  Mach  number  are  varied. 

For  pressure  ranges  from  SO  to  2  psia,  temperature  ranges  from  700  to 
ATO^R,  and  H2/N2  gas  mixtures  from  100%  H2  to  a  few  percent  H2,  well  resolved 
measurements  of  radial  profiles  of  pitot  and  static  pressure,  recovery  tempera¬ 
ture  and  gas  composition  have  been  obtained.  Velocity  profiles  can  be  calcu¬ 
lated  from  this  data  and  a  few  exan^les  are  presented.  Data  scatter  and 
uncertainties  are,  in  general,  well  below  the  uncertainty  level  needed  to 
provide  a  definitive  determination  of  the  desired  mixing  characteristics. 
However,  the  data  obtained  with  the  M^  ■  2  jets  are  less  satisfactory  in  this 
respect.  A  few  unresolved  anomalies  are  present  in  these  test  cases  and  use 
of  their  data  should  be  approached  with  caution. 


The  analysis  of  the  data  leads  to  several  significant  results: 

(A)  With  regard  to  the  influence  of  density  on  the  mixing  of  M^  »  4  jets 
into  the  =  2  outer  stream: 

1.  The  region  of  the  mixing  jet  where  a  core  is  present  is  only  weakly 
dependent  on  the  ambient-to-jet  density  ratio.  The  core  length 
is  nearly  constant  and  extends  over  a  distance  of  about  40  jet 


2.  Well  defined  regions  of  velocity  defect  are  present  when 
the  jet's  density  is  below  or  equal  to  the  level  of  the 

j  arbient.  This  fe^.ture  of  the  mixing  disappears 

at  higher  jet  densities. 

3.  In  the  mixing  region  which  lies  beyond  the  end  of  the  core, 
the  axial  rate  of  decay  in  the  composition  of  the  jet  is 
nearly  independent  of  the  density  ratio. 

(B)  With  regard  to  other  test  cases  and  to  the  influence  of  jet 

Mach  number: 

1.  The  measurements  well  define  the  important  relationship 
of  local  species  concentration  to  the  spreading  of  the 
mixing  region. 

2.  In  the  case  of  »  3  jets  discharging  into  the  still 
ambient,  the  core  length  increases  as  the  jet  density 
is  decreased  and,  correspondingly,  the  initial  jet 
velocity  is  increased.  Values  of  15  and  25  jet  radii 
were  measured  respectively  at  ambient-to-jet  density 
ratios  equal  to  0.6  and  6.0. 

3.  Increasing  jet  Mach  number  from  3  to  4  results  in  an 

increased  core  length  from  21  to  38'  jet  radii  in  the  case 
of  high  density  jets  (  ■  0.6)  discharging  into  the 

still  ambient  and  from  30  to  45  jet  radii  in  the  case  of 
low  density  jets  ^  10)  discharging  into  the 

Mqo  ■  2  outer  stream. 

The  short-duration  technique  used  to  simulate  low  altitude  plume 
flowfields  has  been  successfully  applied  in  this  investigation  of  nonreacting 
jets.  The  jet  apparatus  is  capable  of  varying  gasdynamic  parameters  over  a 
broad  range  and  validity  of  the  fast  response  diagnostics  has  been  proven. 

The  short-duration  technique  represents  an  effective  and  reliable  tool  for 
investigating  fundamental  plume  phenomena. 
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TABLE  I 


NOZZLE  COORDINATES 


M  3  2  Nozzle 
X  Y 


0 

1.1545 

.050 

1.1550- 

•  lOo 

1.1550+ 

.150 

1.1555 

.200 

1.1565 

.250 

1.1570 

.300 

1.158 

.400 

1.160 

.500 

1.163 

.600 

1.167 

.700 

1.171 

.800 

1.175 

.900 

1.179 

1.000 

1.184 

1.250 

1.197 

1.500 

1.210 

1.750 

1.223 

2.000 

1.236 

2.500 

1.263 

3.000 

1.289 

3.500 

1.315 

4.000 

1.341 

4.500 

1.367 

5.000 

1.393 

5.500 

1.420 

6.000 

1.443 

6.500 

1.463 

7.000 

1.478 

7.500 

1.489 

8.000 

1.496 

8.250 

1.4990 

8.500 

1.4995 

8.708 

1.5000 

M  a  3  Nozzle 


X 

Y 

0 

0.7290 

0.050 

0.7295 

0.100 

0.7305 

O.ISO 

0.7325 

0.200 

0.7350 

0.250 

0.7380 

0.300 

0.742 

0.400 

0.751 

0.500 

0.762 

0.600 

0.775 

0.700 

0.789 

0.800 

0.803 

0.900 

0.819 

1.00 

0.835 

1.25 

0.875 

1.50 

0.914 
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M  s  4  Nozzle 


X 
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SPECIFICATIONS  FOR  HYDROGEN/NITROGEN  GAS  MIXTURES 


•  CONCENTRATIONS  ARE  SPECIFIED  IN  VOLUME  PERCENT 

•  COMPONENT  CERTIFICATION  BASED  ON  NBS  TRACEABLE  STANDARDS 


TABLE  V 

DATA  POINTS  SURVEYING  THE  NOZZLE  BOUNDARY  UYERS 


Nozzle 

f"/Pj 

Boundary  Layer  Surveyed 
Internal  External 

M.  =  4 

J 

1.0 

1 

01.9 

T 

2.46 

2.46 

3.0 

1.12 

10.0 

1.13 

M.  =  3 

1.0 

2.44 

3 

10.0 

2.45 

2.45 

M.  »  2 

0.6 

2.42 

3 

10.0 

2.43 

2.43 
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TABLl-  VII 

INITIAL  AND  REFERENCE  PARAMETERS  FOR  THE  MIXING  MEASUREMENTS 


00 

to 

nO 

NO 

so 

<M 

rj 

00 

to 

00 

Ol 

<N 

o 

00 

o 

<N 

00 

o 

fO 

o 

CM 

to 

o 

CN 

<N 

to 

o 

o 

to 

o 

00 

00 

K> 

o 

to 

SO 

00 

to 

(M 

<N 

o 

o 

o 

<N 

to 

<N 

o 

O 

O 

o 

to 

fSI 

o 

O 

O 

o 

to 

o 

so 

o 

1 

1 

1 

1 

o 

O  O 


00 

in 


fNI  <N  ^ 


(M 

Ol 

o 

rsi 

to 

o> 

CNi 

00 

sD 

c> 

00 

Ol 

to 

00 

CM 

Oi 

CM 

tn 

NO 

NO 

<N 

NO 

fNj 

00 

o  ^ 

o 

to 

00 

<0 

o 

00 

o 

00 

o 

o 

o 

<VJ 

o 

FH 

o 

fH 

fH 

o 

fH 

rH 

^4 

FH 

00  ^ 

C\1 

rj 

00 

CM 

00 

(M 

00 

CM  ^ 

00 

(N 

to 

to 

CM 

to 

CM 

to 

CM 

to 

r*^ 

Cl. 


o 

CM 

vO 

00 

CM 

to 

00 

00 

to 

to 

•H 

<M 

sO 

o 

to 

C\ 

(/) 

FH 

O 

o 

CM 

CM 

o 

c. 

• 

« 

• 

1 


to 

o 

to 

o 

to 

00 

CM 

00 

Cl 

Cl 

CM 

to 

00 

to 

CM 

to 

00 

00 

o 

o 

o 

o 

CM 

CM 

FH 

It  II 


o 

to 

o 

o 

NO 

00 

Kj 

FH 

FH 

to 

to 

CM 

to 

00 

NO 

to 

00 

h- 

nC 

NO 

00 

fh 

FH 

O 

o 

o 

o 

CM 

II  I  ^ 


o  Qi 
J-  O 


cd 

-H 

O  (A 
^  CU 


(L,  w 


c 

3 

ca 


to 

HT 

NO 

rf 

to 

sO 

to 

CM 

00 

CM 

to 

FH 

to 

CM 

HT 

fH 

to 

NO 

fH 

to 

o 

to 

O 

o 

00 

CM 

«o 

to 

fH 

lO 

CM 

to 

oc 

O 

to 

to 

to 

Cl 

Ht 

Cl 

Cl 

to 

NO 

to 

^4 

Cl 

NO 

Cl 

o 

fH 

sO 

NO 

NO 

nO 

Ch 

NO 

00 

QO 

fH 

Hf 

to 

to 

00 

00 

to 

fH 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

M 

to 

NO 

CM 

Cl 

to 

00 

00 

to 

to 

Cs 

to 

sO 

00 

to 

CM 

to 

to 

to 

to 

to 

CM 

to 

Ki 

CM 

CM 

CM 

CM 

CM 

to 

to 

CM 

CM 

CM 

fh 

to 

fH 

o 

to 

to 

to 

to 

to 

to 

Ch 

to 

to 

lO 

to 

to 

to 

to 

to 

to 

to 

to 

to 

to 

to 

o 

o 

o 

vO 

to 

NO 

00 

CM 

to 

CM 

NO 

to 

to 

nO 

00 

CM 

NO 

00 

CM 

FH 

fH 

FH 

fh 

00 

F« 

00 

FH 

f4 

HT 

^H 

fH 

00 

fH 

00 

FH 

00 

fh 

CM 

o 

o 

CM 

CM 

o 

o 

rM 

o 

00 

CM 

o 

NO 

o 

O 

CM 

O 

00 

NO 

o 

CO 

CM 

CJ 

NO 

NO 

CM 

CM 

CM 

s6 

o 

CM 

to 

to 

CM 

CM 

CM 

d 

CM 

to 

hT 

CM 

to 

to 

^H 

^4 

^4 

CM 

CM 

CM 

fH 

CM 

CM 

00 

to 

to 

00 

uO 

to 

CM 

CM 

<71 

fH 

CM 

CM 

Cl 

CM 

o 

o 

o 

TT 

00 

00 

to 

to 

Cl 

to 

00 

00 

Ol 

00 

to 

sC 

00 

00 

sO 

NO 

o 

NO 

o  o 

cn 

CM 

OO 

o 

CM 

nO  o 

o 

00 

o 

o 

<71 

f4 

FH 

^H 

to 

fH 

<71 

00 

CM 

to 

C7I 

NO 

<N 

Ht 

nO 

NO 

nO 

o 

fH 

00 

NO 

o 

«  M 

o 

Cl 

to 

o 

to 

sO 

nC 

NO 

to 

<71 

NO 

nO 

00 

00 

Ol 

NO 

NO 

to 

NO 

o 

fH 

f4 

fH 

fH 

fh 

fH 

fH 

FH 

fH 

fH 

fH 

f4 

f4 

fH 

f4 

f4 

^H 

^H 

^H 

to 

nO 

00 

O  FH 

FH  vO 

Cl 

11 

16 

Ch 

fH 

18 

19 

o 

CJ 

fH 

CJ 

24 

to 

CJ 

00 

CM 

^H 

to 

fH 

fH 

fH 

fH 

fH  fH’"”^ 

CM  CM 

CM 

<N 

CJ 

CM 

CJ 

CM 

Cl 

CJ 

CM 

CM 

CJ 

CM 

CM 

CM 

II 


54 


528“R  in  all  cases. 


TABLE  VII  (Cont'd) 

INITIAL  AND  REFERENCE  PARAMETERS  FOR  THE  MIXING  MF-ASUREMENTS 
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TABLE  VIII 


7"' 

0* 


‘V' 

i- 


INITIAL  VELOCITIES  AND  ACTUAL  DENSITY  RATIOS 
FOR  THE  MIXING  MEASUREMENTS 


Run 

u. 

J 

(fps) 

(fps) 

1.5 

3400. 

1614. 

0.99 

1.6 

48^5. 

0. 

1.12 

1.7 

4849. 

4 

P 

1.12 

1.8 

3400. 
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0.99 
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3390. 

1 
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1.11 

9940. 

i 
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8.47 
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0.97 

2.7 
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0. 

0.60 

2.11 

5043. 

1614. 
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2.14 
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0.60 

2.16 

5519. 
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2.17 

9847. 

1 
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1 
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0. 
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8.99 
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AMBIENT,  QUIESCENT  OR 


Figure  2  SCHEMATIC  OF  JET  MIXING  EXPERIMENT 


Figure  4  SCHEMATIC  OF  JET  SYSTEM 


THROAT  DIA.  0A16 


Figure  0  NOZ2.LE  CONTOURS 


SAMPLE  VOLUME 


Figure  9  SCHEMATIC  OF  HEAT  CONDUCTIVITY  GAS  SAMPLER  SYSTEM  (HCGS) 


RESPONSE  TO  WATER 
BATH  AT  160°  F 


Figure  11  RESPONSE  TO  WATER  IMMERSION  OF  TEMPERATURE  PROBE.  THERMOCOUPL 
JUNCTION  BUTT-WELDED  FROM  CHROMEL-CONSTANTAN  WIRE  .003  INCHES 
DIAMETER 


()S 


TIHE  mUXSEC 

?ROBE  AT  6"  FROM  q. 


Figure  12  RESPONSE  OF  THE  TEMPERATURE  PROBES  IN  THE  JETS  AT  VARIOUS 
COMPOSITIONS  AND  LEVEIS  OF  DYNAMIC  PRESSURE 


PROBE  AT  1^"  FROM 
RUN*  29  SERIES*  2 


PROBE  AT  0.5"  FROM  q 

Figure  12  RESPONSE  OF  THE  TEMPERATURE  PROBES  IN  THE  JETS  AT  VARIOUS 
COMPOSITIONS  AND  LEVELS  OF  DYNAMIC  PRESSURE  (CONTINUED) 


98%  H 


BARATRON  PRESSURE  (TORR) 

Figure  13  INFLUENCE  OF  GAS  COMPOSITION  ON  THE  MEASUREMENT  OF  PRESSURE 
USING  PIRANI  AND  BARATRON  GAUGES 


Gas  Composition:  Mole  Fraction 

Balance 


SCALE  CHANGED 


/  O 


Figure  15  PRE-TEST  MONITORING  OF  REFERENCE  TEMPERATURES 


PITOT  PRESSURES 
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Figure  17  SAMPLE  OF  AVERAGED  DATA  FROM  THE  DDAS 
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Figure  17  Continued 


WINO-ON 


Figure  18  HISTORIES  OF  FLOW  VARIABLES  ILLUSTRATING  THE  JET/STREAM 
CHARACTERISTICS 
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APPENDIX  I 
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For  each  Test  Case,  the  measurements  are  presented  by 
increasing  value  of  x/R^ . 


! 


TEST  CASE  NO.  1 


NUa  2a6« 


coNOirioNS 


®  ‘*•0  "tA  «  0«U  l4MA/r<rU  m  Uasa  */  .aaOaO 


JE  r  PAHAMETgH^ 


AMblENI  •>A)4AMc  rCK^ 


Xn^ 

« 

0.61 

ruA 

A 

620. 

H 

« 

POA 

m 

1  .060 

P^iA 

roj 

S3.i!. 

R 

PA 

m 

1  .060 

PbiA 

m 

277.76 

PSIA 

UA 

m 

o. 

ppi 

pj 

1.760 

P:>lA 

OJ 

* 

3a00. 

PPS 

MiXlNb  : 

sutivEv 

»*l  fUT  POESSiMH.  PSIA 

62  MUi.e 

POAwTtON 

2 

ft 

PO 

V 

6 

A62 

-2.100 

2.;509 

9.6160 

-7.0 

6.602 

0.190 

-1.2M 

i.A90 

6.9266 

-3.0 

2.606 

0.912 

-0.960 

1.212 

6.6061 

-1.0 

0*623 

0*9/6 

-0.600 

1.077 

6.9160 

0.0 

0.623 

0.0  73 

0.67S 

0.677 

6.9199 

1.0 

I  *600 

0*960 

1.126 

1.092 

6.6679 

3.0 

3.603 

0.366 

1.376 

1.319 

6.3610 

9.0 

9.601 

0.096 

1  .626 

1.669 

6.0932 

12.0 

12*601 

0.0 

1.676 

1.792 

6.6600 

2.126 

2.033 

6.6000 

2.3/6 

2.2/7 

6.2637 

2.6Z6 

2.621 

6.0923 

2.676 

2.767 

9. 7762 

3.126 

3.013 

9.9129 

A.OOO 

3.676 

3.2966 

6.000 

9.672 

2.6719 

6.000 

6.667 

2.36/2 

7.000 

6.669 

2.1201 

0.000 

7.662 

1.6799 

9.000 

a.oeo 

1.9316 

bfATlC 

PPE660HE.  P61A 

Kii.<aiyk.Ry 

TEWpeHAluPt. 

H 

y 

2  >* 

P 

y 

2 

1 

— 0«b 

0.0  0.169 

;•  7tiv^ 

0.v> 

1.012 

aAa* 

k  mi> 

0.0  2.006 

l>«0 

1.012 

a*^o* 

A  *5 

0.0  6.002 

«»77l 7 

-^•0 

0*^0 

1  *606 

a«^* 

7.0 

0.0  /.602 

ft*  /V/V 

0.0 

2.006 

a.»0* 

.i*3 

u«o 

9.003 

a«sa* 

A*  a 

u*a 

.  6..O02 

a#;*!*. 

7.0 

li»0 

/.602 

a^io* 

ft  ft*Q 

0*0 

11.601 

a^d* 

lOS 


TESY  CASE  NO.  1 


r£&T  NU> 

cuNOiriuN;» 

a  <»»0 

MA  a  0* 

O 

2HA/r)H3  a  0*39 

A /  2 J  aau*0 

JET  PAJAAECEMS 

AMOleMf  PARAOe lERb 

Anj  a  g. 

MAJ  a 

ol 

210 

tOA  a  920*  2 

POA  a  l*ooO  P9lA 

TOJ  a  H 

POJ  a  .jbJ.Os  PSlA 

\ 

PA  a  l*oua  P91A 

UA  a  0  *  FP9 

PJ  a  I.TOJ  H&IA 

UJ  a  JaOAO*  PP» 

MIXINO  SURVET 

PlTOr  PRE:>^hME»  I-^IA 

H2  MOk.9  FRAkTlUN 

z 

M 

PO 

y 

2  Xhl2 

-2* too 
-I.TOO 

2*2o2 

1  *eo2 

3*7210 

3*0397 

0*301  0*320 

2*301  0*379 

-t«2aO 

l*#e/ 

l*20a 

3*0032 

a*0oa9 

0*3o7  0*309 

0*eoo  0*300 

-4*500 

u*a/a 

0*097 

1*020 

0*1172 

3*0230 

1*0 

2*0 

1 *OOl  0*309 

2*001  0*399 

1  *129 
1*579 

1*230 

1*093 

9*0070 

3*0020 

3*001  0*330 

0*001  0*309 

1  *025 

1*0  79 

l*eo2 

1*019 

3*  7ooO 
3*  7002 

0*0 

0*000  0*270 

2*5/9 

2*02S 

2*302 

2*o3a 

3*0039 

3*0092 

2*o79 

1  3*129 

2*077 

3*121 

3*3007 

3*2322 

9*000 

1  9*000 

^•aow 

1  7*000 

1  0*000 

0«  V9V 

/•^do 

2* 1003 
2*0o70 

y*ooo 

1 

— 1 - 

0*093 

2*0137 

STATIC  PHli^iiUrCC •  •>:>iA 


xecuvfcMr  TteA>«ei<AruHfc»  « 


Y 

z 

H 

y 

Z 

2 

1 

0*9 

0*0 

9*  lOO 

t*e017 

0.9 

0*0 

1.  122 

1  0*0 

-7.0 

7*000 

1*7017 

—  l*D 

0*0 

0.OO3 

1  *3 

0*0 

2*  toi 

1 *022  7 

0*0 

IH| 

932* 

4C»9 

0*0 

3*101 

0.0 

9.  120 

930* 

*J«U 

0*197 

_ 12*0  . 

0.0 

_ _ 12*PJ*0. . 

_  9^0* 

106 


TEST  CASE  NO.  2 


j 


resT  Nu.  1.7 


CaNi>lT10N!» 


MJ  ■  «.0  MA  •  0.0  RMA/HHJ  ■  1 « X/  flj  >10.0 


PARAMCTCRS 

amhient 

PARAME  TERS 

Xnz 

■ 

o««s  ^ 

TOA 

■  1 

52H.  '4 

m 

6*0«7 

POA 

» 

1.590  PSlA 

Toa 

m 

a36.  R 

PA 

m 

1.601  PSIA 

m 

XA«.«9  PblA 

UA 

m 

0.  PPS 

PJ 

m 

1.659  PSIA 

iM 

SB 

A6A9.  PPS 

MIAtNtt  SURveV 


PRESSURE.  PSIA 

H2  MOl.£ 

PR ACT ION 

Y 

PO 

Y 

R 

AN2 

0.600 

36.7900 

0.0 

0.0 

0.650 

•  1.626 

15.503A 

1.0 

1.000 

0.650 

•  t.«75 

7.0776 

1.5 

1.500 

0.760 

•  2.126 

3.6652 

2.0 

2.000 

0.500 

•  2.376 

2.3913 

2.5 

2.500 

0.270 

•  2.62r 

1.9A37 

3.5 

3.500 

0.065 

•  2.675 

I.73A2 

4.5 

4.600 

0.025 

-*  3.125 

1 .6997 

5.6 

5.600 

0.036 

•  6.000 

1.6103 

•  5.500 

1.6060 

•  5.000 

1.6199 

“  A. 500 

1.6369 

•  7.000 

1.6136 

•  6.000 

1.6336 

STATIC 

PRESSUNE 

•  PSIA 

Y 

3 

R 

P 

0.0 

-1.0 

1.000 

1.4664 

0.0 

-2.0 

2.000 

1.5039 

0.0 

-3.0 

3.000 

1.5656 

0.0 

—4.0 

4.000 

1.6062 

0.0 

—6.0 

5.000 

1.6121 

0.0 

—6.0 

6.000 

1.6164 

0.0 

-7.0 

7.000 

1.6666 

107 


TEST  CASE  NO.  2 


Tesr  Nu*  1.0 


conditions 


MJ  a  0.0  MA  a  0.0  RHA/M.J  a  1.12  A/  Rj  aoO.O 


JfiT  PAMAMCTcRS 


AMMlUNT  PARAMetCRS 


4H2 

m 

0*09 

MM3 

m 

6*0A7 

TOJ 

m 

939* 

R 

POJ 

m 

202*31 

PSIA 

PJ 

m 

1.634 

PSIA 

U3 

m 

4049* 

PPS 

MIXINO 

ttf 

> 

PITOT  PReSSURC*  PSIA 

y 

R 

PO 

•6.0 

9*790 

1*0696 

•4.12S 

3*079 

2*6270 

.3.87S 

3*029 

2*0290 

•3.62S 

3*379 

3*1037 

-3.37S 

3*129 

3*6699 

•3.125 

2*079 

3*0932 

•2. 875 

2*629 

4*7904 

•2.625 

2*379 

9*2129 

-2.375 

2*129 

6*0901 

-2.125 

1*079 

7*4492 

-1.875 

1*629 

0*36l7 

-1.0 

0*790 

14*9667 

1.0 

1*290 

12*0900 

2.0 

3*290 

3*0130 

4.5 

4*790 

2*2314 

5.0 

9*290 

1*6739 

6.0 

6*290 

1*6691 

STATIC 

PRSSSURB.  PSIA 

y 

2 

R 

P 

0*0 

-1*0 

1*031 

1*4929 

0*0 

-2*0 

2*016 

1*4029 

0*0 

-3*0 

3*010 

1*3973 

u*o 

—4*0 

4*000 

1*9196 

0*0 

—4*0 

9*006 

1*9646 

0*0 

—6*0 

6*009 

1*9674 

0*0 

-7*0 

7*004 

1*6210 

TO*  a  S2a»  H 
POA  a  t.olO  PSIA 
PA  a  l.StS  PSIA 
UA  a  0»  PPS 


H2  MOUe  PMACTION 


t 

•e*» 

0*0 

0*5 

!•» 

3.S 

A»0 

S*S 


R 

0*290 

0*290 

0*790 

1*790 

3*790 

«*290 

9*790 


4112 

0*a09 

0*000 

O.oOO 

0*720 

0*a«0 

0*300 

0*2aO 


K 


TESTCASENO.  2 


TE»T  NO.  2.36 


CONDITIONS 


NJ  a  6.0  MA  a  0.0  AnA/i6«J  a  0.W7  X/  RJ  a60.0 


JST  PAHAMeTERS 

amoient  parameters 

XH2  a 

0.31 

TOA  a  323. 

R 

M«J  a 

3.937 

POA  a  1.620  PSIA 

t03  a  633.  H 

PA 

a  1.022  PSIA 

POJ  a  zri.sa  PSIA 

UA 

a  0. 

PPS 

PJ  a 

1.3AI  PSIA 

U3  a 

AS03.  PPS 

MIXINO 

suRvev 

I 

PITOT  PReSSUttC.  PSIA 

M2  MOli^  PRACTIUN 

3 

R 

PO 

y 

_  .  ! 

A 

AN2 

•a.ioo 

2.113 

3.1037 

-3.0 

2.730  0.333 

-t.700 

1.713 

3.3333 

-2.R 

1.730 

0.610 

•1 .aso 

1.273 

3.7033 

-1.0 

0.730 

0.320 

-0.9SO 

0.932 

3.6333 

0.0 

0.230 

0.630 

•>o.«oo 

0.333 

3.9333 

1.0 

1.200 

0.603 

-o.sso 

0.332 

7.0113 

2.0 

2.230 

O.SaO 

-^.soo 

0.339 

6.9329 

3.0 

3.230 

0.S1S> 

1.I2S 

1.132 

3.3330 

3.0 

3.230  0.300 

1.376 

1.393 

6.0236 

1.62S 

1.3AA 

3.3773 

I.P7S 

1.392 

3.3303 

I 

a.i2S 

2.1A0 

3.3367 

1 

I 

2.373 

2.333 

3.3073 

a.623 

2.337 

3.1336 

' 

2.373 

2.336 

3.2399 

3.123 

3.133 

3.0013 

A.OOO 

3.003 

3.0633 

3.000 

3.006 

2.3693 

7.000 

7.003 

1.9101 

3.000 

3.003 

2.0333 

9.000 

9.003 

1.7197 

STATIC  PRBSSURe.  PSlA 

RCCDveRV  TCMPCRATURE.  R 

y 

Z  R 

P 

y 

z 

R 

T 

0.3 

0.0  0.730 

1.3313 

-0.3 

0.0 

0.250 

333. 

t.S 

0.0  1.730 

1.3379 

-1.3 

0.0 

1.230 

333. 

2.3 

C.O  2.730 

1.3333 

-2.3 

0.0  . 

2.260 

333. 

3.S 

0.0  3.730 

1.3602 

-3.3 

0.0 

3.230 

320. 

0.0 

-7.0  7.003 

1.3310 

3.3 

0.0 

3.730 

320. 

6.0 

0.0 

6.250 

506. 

TEST  CASE  NO.  2 


Tear  NU • 


V.Ur4Ul  1 1  UNa 


MJ  e  .4.0 


•4nA>i4nj 


Jel  »>A.4A/4£Ie>4a 


Afttiite-vr  »*>w<A*te  TcMa 


*1? 


m 

0*33 

TOA  a  330. 

H 

m 

o*Oa7 

POA  a  l.oaO  Pal A 

ruj  a  aaT*  H 

»*A 

•  1*330  Pal A 

PUJ  A  i^oasoa  9alA 

Ua 

a  O 

*  PPa 

a 

l*3o3  PalA 

UJ  a 

aosa  *  PPa 

Ml  AlNw 

SvMwev 

PITOf  HMC&aoMti.*  Pat  A 

n4  •AJI.b  PPACriUN 

£ 

M 

PO 

t 

M 

An4 

-M.OUO 

a*430 

3*4004 

-3*0 

3*000 

0*a40 

'-4*  woo 

4*430 

3.34VO 

-4.0 

3*010 

0*a33 

-^•ooo 

4*430 

3*el 74 

-4*0 

4*0lO 

O.aaa 

— t  «oow 

1*430 

4*3  730 

—  1*0 

1  *041 

O.ae  3 

0*0 /» 

0*043 

4  *  oaoa 

1*0 

1*041 

O  *ao3 

l.ltfa 

0*3  73 

a.OOoo 

4*0 

4*01o 

O.asO 

l.J/a 

1*143 

4*0174 

4.0 

4*010 

O.aoa 

1  •e/b 

1  *o43 

4*V04a 

<i*l2b 

1  *3  73 

4*oaoo 

^.473 

4*  143 

3*u«ol 

4*043 

4*4/3 

4iOOaa 

4*«/a 

4*043 

3*0007 

4.143 

4*3  73 

3.37a3 

a  *000 

4*730 

4*a4aa 

3*000 

a*  730 

4*1013 

3*000 

3*  730 

4*0070 

7*000 

o*  730 

4*0040 

bTATIw  P>l3aaoP£*  PalA 

peatOfcHV  TEMPliKArvMC* 

P 

y 

4  a 

a 

y  i 

P 

T 

0*3 

0*0  0*330 

1 *o4l 0 

-0.3  0.0 

O*  330 

3a3* 

1*3 

0.0  1 *341 

1*303  7 

-1.3  0*0 

1*341 

330* 

2*3 

0*0  4*314 

*  *3304 

4  *3 

0.0  4*300 

1*3300 

0.0 

—3*0  3*430 

1 *3IUa 

0*0 

-7*0  7*330 

1*3003 

TEST  CASE  NO.  3 


TEST  NO.  2.1M 


CONDITIONS 


MJ  a  4.0  MA  a  £.0  RMA/RHJ  a  0.61  Xy  RJ  aAO.O 


JCT 

RARAMSTERS 

AMBIENT  RAMAMETEMS 

XH2 

• 

0.23 

TOA 

a  «72. 

R 

% 

22.013 

ROA 

a  13.4  70 

RSI  A 

TOJ 

ii 

S2S. 

R 

RA 

a  1 .»72 

RSIA 

POJ 

m 

2A7.aO 

PSIA 

UA 

a  1614. 

FRS 

RJ 

m 

t.«63 

RSIA 

UJ 

m 

2SIS. 

RPS 

MIXING  SURVEY 

RITOT  PRESSURE.  RSlA 

M2  MOl^  fraction 

2 

R 

RO 

Y 

R 

XM2 

-2.100 

2.037 

I3.S690 

-5.0 

4.502 

0.010 

-1.700 

1.6S2 

16.6S23 

-3.0 

2.503 

0.060 

-1.2S0 

1.231 

23.4136 

-2.0 

1.505 

0.155 

-O.VSO 

0.96S 

24.2436 

—1.0 

0.515 

0.21V 

-0.600 

0.640 

26.6306 

0.0 

0.515 

0.200 

-0.S60 

0.  676 

26.3356 

1.0 

1.505 

0.160 

0.M7S 

1.1  IB 

23.2099 

2.0 

2.503 

0.060 

1.12S 

1.346 

20.0604 

3.0 

3.502 

0.010 

1.37S 

l.SBl 

17.S617 

6.0 

4.502 

0.0 

1.62S 

1.620 

ta.66V6 

5.0 

5.501 

0.0 

1.67S 

2.062 

12.9V67 

2.12S 

2.30S 

9.7635 

2.62S 

2.  TVS 

6.6115 

2.67S 

3.041 

6.4765 

4.000 

a.lSS 

6.4602 

S.OOO 

S.14V 

9.6493 

6.000 

6.14S 

9.1265 

7.000 

7.143 

^.9669 

O.OOC 

B.laO 

9.4720 

9.000 

V.139 

9.6724 

STATIC 

PRESSURE 

.  PSIA 

RECOVERY 

TEMPERATURE.  R 

Y 

2 

R 

R 

Y 

2 

R  T 

0.5 

0.0 

1.006 

1.2126 

-0.5 

0.0 

0.125  526. 

1  .5 

0.0 

2.006 

1.3362 

-1.5 

0.0 

1.006  604. 

2.5 

0.0 

3.003 

1.6351 

-3.0 

0.0 

2.503  499. 

3.5 

0.0 

6.002 

1.6233 

-5.5 

0.0 

5.002 

1 .6266 

0.0 

-7.0 

6.6V3 

1.3785 
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TErrCASENO.  3 


TEST  NO*  2.l<» 


CCNOI TIONS 


Mo  «  4.0  MA  4  2.0  RHA/MHJ  «  0.60 


X/  NO  ■  100. 


JET  parameters 


XH2  «  0.23 

Mato  «  22.013 

TOJ  a  S23.  R 
POO  '>  247.16  PSIA 
PJ  *  1.942  PSIA 

00  m  2S10.  FPS 


AMBIENT  PARAMETERS 


TOA  m  472.  R 
POA  m  13.179  PSIA 
PA  •  1.9n2  PSIA 

OA  «  1614.  FPS 


MIXING  SURVEY 


PITOT  PRESSURE.  PSIA 

H2  MOeE 

FRACTION 

1 

R 

PO 

V 

R 

XH2 

-3.000 

3.196 

2.4666 

-3.0 

2.456 

0.110 

-2.000 

2.219 

2.66S9 

-2.0 

1.450 

0.130 

-1.000 

1.27S 

2.6331 

-l.O 

0.474 

0.150 

0.M7S 

0.910 

2.910S 

0.0 

0.570 

0.145 

l.!2S 

1*119 

2.6740 

1.0 

1.557 

0.  130 

1.37S 

1.343 

2*6465 

3.0 

3.553 

0.070 

1.62S 

1  .674 

2. 7613 

4.0 

4.532 

0.050 

1.6  7S 

1.611 

2.7699 

5.0 

5.552 

0.035 

2.37S 

2.292 

2. 5667 

2.62S 

2.S3S 

2.5956 

2.675 

2.760 

2*5697 

4.000 

3.669 

2.3979 

6.000 

S.676 

2.3439 

STATIC 

PRESSURE 

•  PSIA 

RECOVERY 

temperature,  r 

Y 

2 

R 

P 

Y 

z 

R  T 

0.5 

0.0 

1.061 

1.1363 

-0.5 

0.0 

0.156  520. 

1  .5 

0.0 

2.055 

1.2126 

-1.5 

0.0 

0.962  513. 

2.5 

0.0 

3.054 

1.2606 

0.0 

12.0 

11 9^63 

3.5 

0.0 

4.053 

1.1973 

—5.5 

0.0 

4.952 

1.2576 

0.0 

-7.0 

7.171 

1.2657 
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TEST  CASE  NO.  4 


NU»  »•« 


wONOi  riUNa> 


MJ  aft  «.0  MA  ■  iaO 


«  OftVV  X/  «I0»0 


.*£? 

PARAMCriER^ 

AMalENT 

PAM  AMfc  lEHb 

Xrtii 

m 

0*«t 

TOA 

m 

K 

Mai.> 

« 

l4<ft^lO 

MOA 

m 

13.110 

TO.* 

« 

a32ft 

M 

PA 

m 

PU.« 

s 

P&lA 

UA 

m 

letA* 

lrs*> 

l>J 

m 

ladao 

P&IA 

m 

3a»00. 

mixing  suMvev 

PiroT  PReaMMEft  PSIA 

r«2  MOWE  PMAEIIUN 

Y  --R 

PO 

T 

M 

An4 

.  o««7a 

J«*2a2i 

0*0 

0*0 

.61 

•  Iftixa 

jw*2aa7 

1*0 

1*000 

.61 

•  i.sra 

2a*VM2a 

l*a 

l*aOO 

.44 

.  i.a^a 

le*0/w 

4*0 

4*000 

.07 

•  iftMra 

a*4iOa7 

4*a 

4*aoo 

.027 

>  2* 12a 

a*  730A 

3*a 

3*aOO 

.011 

.  2*37a 

a*3|a»0 

A*a 

A*aOO 

.011 

•  2«o2a 

»*3«03 

a*a 

a*aoo 

.027 

•  2ftM/E 

a*P07a 

•  3«I2» 

7*«<»«0 

•  AftOOO 

•*aaOI 

•  A«adO 

iO*Aa2W 

•  a»ooo 

a»*VI3A 

•  a«aOtf 

p*37«a 

-  6*000 

a*aaiO 

-  7*000 

v*oAva 

•  a*ooo 

p*oa»2a 

aTATlC 

PMEESUHE 

•  PSlA 

» 

4 

M 

p 

0*0 

-1*0 

1*000 

l*700a 

0*0 

-a*o 

a*aoo 

1*7070 

0*0 

-4*0 

4*000 

l*7laA 

0.0 

—6*0 

0*000 

1*7/33 
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TEST  CASE  NO.  4 


TEST  NU*  I .a 


CONUlTtONS 


■  ♦•O  •  2»0  ArtA/RliJ  m  0*9V  X/  tiJ  s^O.O 


JET 

PARAMETERS 

XM2 

m 

0*61 

m 

12*210 

toj 

S32. 

R 

POJ 

m 

270 .OS 

PSIA 

PJ 

u 

l*72tt 

PSIA 

UJ 

m 

3400* 

FPS 

MiAiNC  Survey 


amsient  parameters 


TOA  m  <»7E«  R 
POA  m  1J.2VM  PSIA 
PA  a  l.VSI  PSIA 
UA  m  loiA*  FPS 


PITOT  PRESSURE*  PSIA 

H2  MOk£ 

fraction 

Y 

R 

PO 

r 

R 

XH2 

-6.0 

S*7S0 

7*4056 

—0*6 

0*250 

0*670 

-4.12S 

3.07S 

6*2464 

0*6 

C.750 

0*525 

-3.87S 

3*625 

6*6076 

1*5 

1*750 

0*410 

-3.625 

3.J7S 

6*5542 

3*5 

3*750 

0*016 

-3.375 

3*123 

0*3805 

4*0 

4*250 

0*0 

-3.125 

2*673 

6*61 12 

5*6 

5*750 

0*0 

-2.875 

2*625 

6*1603 

-2.625 

2*375 

0*4342 

-2.375 

2*123 

10*0390 

-2.125 

1*675 

12*0664 

-1.875 

1*625 

13*6262 

-1.0 

0*750 

24*0624 

1.0 

1*250 

17*7547 

2.0 

2*250 

9*4306 

4.5 

4*750 

6*0907 

5.0 

5*250 

7*6200 

6.0 

6*250 

7*9264 

STATIC 

PRESSURE*  PSIA 

Y 

2 

n 

P 

0*0 

-1*0 

1*031 

1*3615 

0*0 

-2*0 

2*016 

1*1022 

0*0 

-4*0 

4*006 

1.0515 

0*0 

—5*0 

5*00o 

0*9959 

0*0 

—6*  0 

6*005 

e*9o97 

0*0 

-7*0 

7*004 

0*9646 

114 


< 


TEST  CASE  NO.  4 


TEST  NU.  2.37 


CO««01TIONS 


•  4»0  AMA/RHJ  a  0.99  X/  AJ  aoO.O 


- 

JET  PAMAMETEAS 

AMOIENT  PARAMETERS 

XH2  a 

0.00 

TOA  a  a72. 

A 

* 

/ 

V 

mmj  m 

13.0A0 

POA  a  11.002  PSIA 

10J  a  S32.  A 

PA  a  1.611  PSIA 

P03  a  2AA.27  PSIA 

UA  a  1610. 

FPS 

/' 

Pa  a 

1.7A3  PSIA 

\ 

UJ  a 

3210.  PPS 

\ 

\ 

V 

\'r 

X  ■' 

\ 

y 

MIXINC 

SURVEY 

V, 

\ 

c 

•'•n. 

PITOT  PRESSURE.  PSIA 

H2  MOUI  PAACTION 

V. 

y 

2 

R 

PO 

Y  R 

XM2 

y 

<. 

>2.100 

2.200 

10.9020 

>1.700 

1.011 

12.3210 

>3.0  2.002 

0.190 

.. , 

>I.2S0 

1.300 

10.0020 

>2.0  1 .003 

0.300 

c. 

>0.9S0 

1.009 

10.0990 

>1.0  0.000 

0.370 

y 

/i 

>0.000 

0.922 

17. 7000 

0.0  0.220 

0.O30 

'  ( 

>O.StiO 

0.709 

10.0007 

1.0  1.20O 

0.370 

< 

>O.SbO 

0.000 

lO.aSol 

2.0  2.202 

0.26s 

•O.SOO 

0.032 

10.9003 

3.0  3.202 

0.110 

1.120 

l.OOO 

10.3039 

0.0  0.201 

0.0 

1.370 

1.291 

13.0002 

S.O  .5.201 

0.0 

1.020 

1.030 

12.9270 

1.070 

1.700 

10.2000 

f 

2.120 

2.030 

9.7903 

// 

2.370 

2.2Sa 

0.0019 

/  •  " 

' 

2.020 

2.033 

9.0323 

; 

2.070 

- 2.702 

0.0109 

/ 

\ 

3.120 

3.032 

7. 9007 

o.ooo 

3.900 

0.7090 

0.000 

A.904 

7.0270 

7.000 

0.903 

O.OOOl 

0.000 

7.903 

o.iaoo 

\ 

STATIC  PRESSURE.  PSIA 

RECOVEAY  rCMPERATUME.  A 

V 

Jf. 

2  R 

p 

Y 

Z  R 

7 

0.0  0.707 

f 

0.0 

1.0000 

“0.0 

0.0  0.316 

020. 

1.0 

0.0  1.703 

1.1900 

-1.0 

0.0  1.300 

Olo. 

2.0 

0.0  2.702 

t.oOlO 

>3.0 

0.0  3.302 

009. 

3.0 

0.0  3.701 

1.3039 

0.0 

0.0  0.701 

066. 
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TEST  CASE  NO.  4 


lE^f  NU»  t*iO 


CUNUl IIUN& 

■  «*e  MA  ■  ^*0  itnA/MnJ  ■  0*W  liJ  m  100. 


JtiT 


AmmIKnI  PMrtAMfe rewa 


AHtf  a  O.ol 
M«J  a  12.410 
T02  a  a2«.  2 

POJ  a  27'/.OA  P^IA 
P2  a  l.al/  P&lA 
UJ  a  aj90.  PPS 


TOA  a  A/2.  H 
PUA  a  13.1 /A  PAlA 
PA  a  i.vav  PAlA 
OA  a  lolA.  pHa 


MlAlKM.  SUPVHV 

PI  for  PPEit&tMl:.  PiilA 


Y  a-R 

PO 

•0.«7» 

12.4013 

•l.t2S 

13.0430 

•1.3/9 

12. 2909 

• 1 .029 

11.9239 

• 1 .0/9 

11.9911 

•2.129 

10.3201 

•2.3/9 

10.30/9 

•2.029 

10./0I9 

•2.0/9 

*0.4190 

•3.129 

9.1294 

•9.900 

0.403/ 

-9.000 

0.2019 

-A.OOW 

9.1434 

•/.OOO 

0.4392 

-O.UOO 

0.3903 

blAric  PMeas./Me..  paiA 


r«2  MUkI; 

PNaCTIU** 

t 

2 

Att2 

0.0 

0.0 

O.aoO 

1.0 

1.000 

0.310 

2.0 

2.000 

0.230 

2.9 

2.900 

0.190 

3.9 

3.900 

0.110 

4.9 

4.900 

0.090 

9.9 

9.900 

0.020 

y 

2 

M 

p 

0.0 

-1.0 

1.000 

1.21o9 

0.0 

-9.0 

9.00U 

1 .2900 

0.0 

-4.0 

4.000 

1.2949 

0.0 

-2.0 

2.000 

1.21/3 

0.0 

—9.0 

o.OOO 

1.2933 
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TEST  CASE  NO.  5 


TE;>T  NO.  2.2<> 


CaNOITlONS 


M.1  «  «.0  MA  m  2.0 


nHA/l4HJ  B  2.V3 


A/  t<J  a20.0 


JET  MAHAM6TERS 


XH2  a  0.90 

MMJ  a  A.042 
rOJ  a  R 

POJ  a  237.70  PSIA 
PJ  a  1.S2A  PSIA 
OJ  a  SS2A.  PPS 


AMMIENT  PARAMETERS 


TOA  a  972.  R 
POA  a  13.909  PSIA 
PA  a  1.911  PSIA 
UA  a  1S19.  EPS 


MIXING  SURVEY 


PITOT  PRESSURE.  PSIA 

1 

R 

PO 

-2.100 

2.115 

7.6060 

-1.700 

1.710 

10.7566 

-1.230 

1.275 

20.7570 

-0.950 

0.902 

27.0336 

— O.dOO 

i'.030 

31.0310 

-0.500 

0.559 

39.6000 

0.975 

0.910 

20.7072 

1.125 

1.152 

25.3605 

1.375 

1.390 

10.1957 

1.525 

1  .659 

12.9191 

1.575 

1  .092 

11.5979 

2.125 

2.150 

7.6061 

2.625 

2.637 

6.5959 

2.075 

2.006 

6.2501 

5.000 

5.000 

7.9072 

5.000 

5.006 

7.9395 

7.000 

7.005 

0.2530 

U.OOO 

0.009 

9.2900 

9.000 

9.003 

0.9090 

STATIC  PRESSURE.  PSIA 

Y 

z 

R 

P 

0.5 

0.0 

0.750 

0.9906 

1  .5 

0.0 

1.750 

I.O90I 

2.S 

0.0 

2.753 

1.0071 

3.5 

0.0 

3.750 

1.1767 

0.0 

-7.0 

7.005 

1.3093 

H2  HOI.E  PRACTION 


Y 

0 

XH2 

-3.0 

2.750 

0.330 

-2.0 

t.TSO 

0.770 

-1.0 

0.750 

0.900 

0.0 

0.250 

0.900 

1.0 

1.250 

0.090 

2.0 

2.250 

0.570 

3.0 

3.250 

0.050 

9.0 

5.250 

0.0 

RECOVERY  TEMPERATURE.  R 


Y 

z 

R 

T 

-9.5 

0.9 

0.250 

525. 

-1.5 

0.0 

1.230 

520. 

-2.5 

0.0 

2.250 

509. 

5.5 

0.0 

5.750 

572. 

—6.0 

0.0 

5.750 

566. 
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I 


TEST  CASE  NO.  5 

TfeST  NO«  ^>16 

CONDITIONS 

NJ  «  4.0  NA  ■  2.0  RHA/BNJ  ■  2.W2  */  «•>  •♦0.0 

AfAieNT  PARAMETeNS 

TOA  •  a72.  R 
POA  •  13.040  PSIA 
PA  m  1.9 A3  PSlA 
UA  ■  lOlA.  FPS 


JET  PARAMETERS 


Xn2  •  0.90 

MOJ  ■  A.OA2 

TOJ  •  S33.  R 
POJ  •  237.76  PSIA 
P3  s  1.SA6  PSIA 
U3  ■  6519.  PPS 


MIAINO  SURVEY 


PITOT  PRESSURE.  PSIA  MO».3  FRACTION 


z 

R 

PO 

Y 

R 

An2 

-3.000 

2.023 

7. 7261 

-5.0 

A. 502 

0.060 

-2.000 

1.0A5 

10.0009 

-3.0 

2.603 

0.570 

-1.000 

1.012 

19.A6A1 

-2.0 

1.505 

o.o'is 

0.075 

l.llA 

10.6A06 

-1.0 

O.SIA 

0.906 

« 

1.125 

1.3A2 

1A.77A5 

0.0 

0.51A 

0.906 

1.376 

1.576 

12.9306 

1.0 

1.606 

0.810 

1  .625 

1.016 

11.1901 

2.0 

2.503 

0.670 

\ 

1.075 

2.057 

10.A979 

3.0 

3.502 

0.2AO 

2.126 

2.300 

8. 1003 

A.O 

A. 602 

0.050 

2.626 

2.790 

7.7571 

5.0 

5.501 

0.060 

% 

3.125 

3.203 

7.0900 

A. 000 

A.  ISO 

7.2900 

5.000 

5.1AA 

0.1227 

STATIC  PRESSURE.  PSIA  RECOVERY  TEMPERATURE.  R 


Y 

1.5 

2.5 

3.5 
-5.5 

0.0 


z 

0.0 

0.0 

0.0 

0.0 

-7.0 


R 

2.00A 
3.002 
A.  002 
5.001 
6.090 


P 

1.I05A 
1 .2028 
1.3577 
1.A2I0 
1.3910 


V  Z  R  T 

—0.5  0.0  0.120  527. 

0.0  3.0  3.160  502. 
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TEST  CASE  NO.  S 


le&T  Nu. 

CONDITIONS 

NJ  *  4aO  MA  a  2*0  i4HA/RHJ  *  2«VO  A/  NJ  soOsU 

JCf  PAR AMt: ICRS  AMai£NT  PARAMeTt:R:> 

J«rl2  ■  0.40  rOA  »  a72.  R 


N«J  a  A«642 

TOO  a  S34.  R 
POJ  a  240<10  PSIA 
PO  a  l.SOO  PSiA 
OO  a  SS24 •  PPS 


MIXING  soRvev 


PITOT  PRESSURE.  PSIA 

Z 

R 

PO 

•>2*100 

2*501 

0.3710 

-1*700 

2*107 

0.O570 

—1  *2sO 

1*700 

lO.Otoo 

— o*o»o 

1*059 

lO*a2vO 

-0*000 

1*310 

11.3005 

-o*s«o 

1*110 

Il.TeeO 

-0*500 

1.030 

11.O9O0 

1*125 

0.000 

12.0075 

1*375 

1.021 

12*1300 

1*625 

1.252 

11.2673 

1*075 

1.090 

11.0210 

2*125 

1*731 

0.0791 

2*375 

1*975 

O.sooo 

2*625 

2*219 

7.3300 

2*675 

2.005 

0.5010 

3*125 

2.712  . 

7.1920 

0*000 

3*579 

7.2309 

5*000 

O.S74 

0.3000 

7.000 

o*So7 

7.0003 

0*000 

0*500 

0.03*05 

STATIC  PRESSURE.  PSIA 

7 

2 

R 

P 

0.5 

0.0 

1.025 

1 .Oooo 

1.5 

0.0 

1.9/0 

I.OOSl 

2.5 

0.0 

2.957 

1.1797 

3.5 

0.0 

3.900 

1.2000 

0.0 

-7.0 

7.050 

1.2002 

PDA  a  11.SS3  .-^SIA 
PA  a  1.^16  f'telA 
UA  a  iSlA.  fPS 


M2  MOCE  PR action 


T 

R 

XH2 

-5.0 

0.599 

0.250 

-3.0 

2.615 

0.5o0 

-2.0 

1.039 

O.OoO 

-1.0 

0.729 

0.750 

0.0 

0.O15 

0.7U0 

1.0 

1.091 

0.  Too 

2.0 

2.060 

0.520 

3.0 

3.052 

0.055 

0.0 

0.005 

0. 15S 

5.0 

5.001 

0.055 

ReCOVERT  TEMPeHAfURE.  R 


r 

z 

R 

r 

'U»b 

0.0 

0.  .'53 

5*»5. 

0.0 

1.1  oo 

S  33. 

‘b*  d 

0.0 

3.109 

505. 

0.0 

0.903 

0/7. 

■v.u 

o.u 

5.559 

002. 
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TEST  CASE  NO.  6 


Tc>r  NO. 


CONOITIONS 


MJ  •  <»«0  MA  >  2.0  RHA/RHJ  •  2«VJ  A/  aoO.O 


JCT 

PAMAMeT£PS 

aimient  PAM ame teas 

Xn2 

• 

u*«o 

TOA 

m  472.  M 

MPJ 

■ 

P«A 

a  11.40V  PttXA 

TOJ 

m 

a3A« 

H 

PA 

a  1.014  PElA 

POJ 

m 

27S.W9 

PSIA 

UA 

a  tola.  PP!> 

PJ 

m 

i.»oa 

P91A 

UJ 

m 

»92«* 

PPS 

MlAXNta  SiMW£r 


OlTaT  PMes;>oRE»  PitlA  **2  MOlA  p*«action 


Z 

R 

PO 

7 

'  R 

Ar«2 

•/•too 

2.209 

0.90O7 

•9.0 

4.001 

0.290 

•t.290 

1.309 

9.9094 

•3.0 

2.002 

0.909 

•0.990 

1.009 

9.O330 

•1.0 

0.000 

0.640 

•0.900 

0.632 

9.9972 

0.0 

0.224 

O.oSO 

o.a79 

OaOOO  10.0O92 

1.0 

1.204 

O.o39 

1.129 

I.Oaa 

9.9001 

2.0 

2.202 

0.979 

1.379 

1.291 

9.0209 

4.0 

4.201 

0.2O0 

1.0  79 

1.706 

9.600/ 

6.0 

O.201 

0.009 

2.079 

2.702 

0.9197 

0.0 

0.201 

0.0 

3.129 

3.032 

7.6490 

9.000 

4.904 

7.9309 

7.000 

0.903 

0.1690 

O.OOO 

7.903 

9.0739 

1 

9.000 

0.902 

9.0401 

1 

1 

9rATlC  PME990HE.  H9lA 

MECOVERV  rENPERATURel 

1 

P 

V 

2  R 

P 

7  Z 

1 

B  ^ 

"  J 

1 

•0.9 

0.0  0.310 

1.4703 

0.9  0.0 

0.  70/ 

990. 

1.9 

0.0  1.703 

1.9302 

-1.9  0.0 

I.304\ 

940. 

2.9 

0.0  2.702 

1.4002 

•2.0  0.0 

1.003 

929. 

0.9 

0.0  4.701 

1.0199 

•2.9  0.0 

2.302  1 

921. 

0.0 

•7.0  7.103 

1.7179 

3.9  0.0 

3.701 

909. 

4.9  0.0 

4.701 

900. 

7.0  0.0 

7.201 

403. 

12.0  0.0 

12.200 

4  79. 

\' 

\; 
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test  CASE  NO.  6 


TCST  NO.  2.39 


CONUITIONS 


HJ  ■  «.0  MA  ■  2.0 


•iCT  PANAMCTBAS 


«H2  a  1.00 

«M>2  a  2.010 

TOJ  a  712.  R 

a  221.02  PSIA 
P-i  ■  1.002  PSIA 

UJ  a  9079.  PPS 


miaino  suRvev 

^ITQT  PResOURE.  PSlA 


z 

R 

PO 

-2.100 

2.110 

0*3099 

-1.700 

1.710 

9*1209 

-1.200 

1*270 

10*9103 

-0.900 

0.902 

22*7790 

—0.000 

0.030 

20*2021 

-0.000 

O.OSV 

29*9209 

0.070 

0.910 

23*0209 

1.120 

1*102 

20*2700 

1.370 

1*390 

10*3701 

2.120 

2.1A0 

0*2909 

2.370 

2*300 

9*7000 

2.070 

2*000 

9*7023 

3.120 

3*130 

9*0007 

A.OOO 

0*000 

0*3092 

0.000 

0.000 

0.9900 

7.000 

7*000 

7.9090 

R.OOO 

0*009 

9.0732 

« 

• 

e 

o 

e 

9*003 

0*0093 

static  pressure.  PSIA 


T  2  R  p 

0.0  0.0  0.700  0.0303 

1.0  0.0  1.700  0.9AOO 

2.0  0.0  2.700  1.1117 

0.0  -7.0  7.00A  1.A007 


•*HA/I0«J  a  0.99  */  Rj  a20.0 


AROIENT  PARAMETERS 


TOA  a  072.  R  . 
f*OA  a  12.000  PSIA 
PA  a  1.731  PSIA 
UA  a  lOIO.  PPS 


■  M2  mole  PRACTION 


Y 

R 

SM2 

—0*0 

0.7S0 

0*090 

-3*0 

2*700 

0*090 

-2*0 

1*700 

0*990 

-1*0 

0*700 

1*000 

0*0 

0*200 

1*000 

1*0 

1*200 

1*000 

2*0 

2*200 

0*090 

3*0 

3*200 

0*200 

9.0 

9*200 

0*0 

RECOVERY  TEMPERATURE.  R 


»  E  R  T 

-0.0  0.0  0.200  703. 

-1.0  0.0  1.200  090. 

-2.0  0.0  2.200  009. 

O.S  0.0  0.700  070. 

-0*0  0.0  0.700  070. 
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TEST  NO.  2.17 


CONOITIONS 


MJ  m  4.0 


TEST  CASE  NO.  6 


a  2.0 


AHA/RHJ 


JET  PAHAMETERS 


XH2  a  1.00 

M«J  a  2.016 

TOJ  a  737.  •* 

ROJ  a  23S.66  RSIA 
RJ  a  1.672  RSIA 
UJ  a  96A7.  RPS 


MIXINO  SURVEY 


X/  RJ  a40.0 


AMUlENT  RARAMETERS 


TOA  a  «72.  R 
ROA  a  13.729  RSIA 
RA  a  l.wlO  RSIA 
UA  a  1616.  PPS 


PITOT  PRESSURE.  RSIA 

H2  MOLE 

RRACTIQN 

Z 

R 

RO 

Y 

R 

XH2 

•3.000 

2.957 

6.2666 

•5.0 

6.332 

0.260 

•1.000 

1.106 

16.0226 

•3.0 

2.333 

0.620 

0.676 

1.200 

12.1569 

•2.0 

1.335 

0.960 

1.12S 

1.616 

11.2030 

-1.0 

0.351 

1.000 

1.37S 

1.636 

10.1966 

0.0 

0.6.V11 

0.600 

1.62S 

1  .669 

9.1196 

1.0 

1.676 

3.970 

1.675 

2.106 

6.7999 

2.0 

2.673 

0.775 

2.625 

?sU26 

6.6766 

3.0 

3.67^ 

0.660 

3.125 

3.313 

6.3660 

6.0 

6.672 

0.090 

6.000 

6.176 

6.0579 

5.0 

5.671 

0.020 

5.000 

5.166 

6.3722 

ITATIC  PRESSURE.  RSIA 

RECOVERY  TEMPERATURE. 

R 

V 

Z  R 

P 

Y  Z 

R 

T 

2.5 

0.0  3.172 

1.6265 

•0.9  0.0 

0.206 

756. 

0.5 

0.0  1.176 

1.151 1 

•1.5  0.0 

0.639 

760. 

1  .9 

0.0  2.173 

1.2733 

0.0  3.0 

3.191 

662. 

3.5 

0.0  6.172 

1.5152 

6.5  0.0 

5.171 

526. 

•5.5 

0.0  6.631 

l.alOO 

0.0 

•7.0  6.913 

1.6195 

> 


'  TEST  CASE  NO.  6 


NU.  Ikll 


CUNUl I1UN& 


rlHA/vMJ  * 


.tcT  PAHAMlireM^ 


A/  ■  100. 


AMai&,sr  »>AMAM£rcj4^ 


AH^  a  l.OO 
a  ^.OIO 
TOJ  a  761.  i4 
»<OU  a  ^60. 7;^  >*:>IA 

PJ  a  1.6^0  P61A 
UJ  a  VVAO.  »‘P:> 


TOA  a  nftim  M 
PUA  a  IJ.Uaa  PaiA 
PA  a  I.PUl  PalA 
UA  a  lota.  FPO 


M1A1N<.  aUM7Er 


ppEaaoPE.  PaiA 

no 

PMACTIun 

• 

\ 

r 

Y  — R 

PO 

V 

H 

AnO 

- O.o7a 

o.eOoo 

0.0 

0.0 

0.  700 

'i 

-  I*l2t> 

6.0000 

1*0 

i»ooo 

0.O70 

• IhJTS 

6.6JOI 

l.S 

1  *600 

0.066 

*  1 .o^S 

a.ao63 

0.0 

O.OOO 

O.ela 

”  1.0  76 

a.6ao7 

6.6 

6.600 

0.006 

*  0 .0^0 

a.aooo 

*  0.076 

a«aoi 1 

' 0.106 

6.0000 

)■ 

*  o.oou 

6.33at 

■H 

'6.600 

a.otov 

'6.000 

6.oa/0 

'a.oou 

6.aa3t 

'  0.600 

6.aooO 

*  7.000 

e. 0033 

'O.OOO 

0.60<;3 

lATIC 

PPEaapPt: 

.  P61A 

PECUOEPV 

TfcppepAiupe. 

t 

0 

M 

P 

1 

0 

p 

1 

0.0 

-1.0 

1.000 

1.0  106 

0.0 

1  .o 

1  .ouo 

ooe» 

0.0 

-0.0 

o.ooo 

t .0663 

0.0 

0.0 

o.ooo 

o  /o* 

0.0 

-3.0 

3.000 

I.Ooel 

0  ■* 

3.0 

3.000 

o<^7* 

0.0 

-a.O 

a.OOO 

1 .oovo 

0  O 

a.O 

a.OOO 

0^9* 

0.0 

—6.  0 

6.000 

1.0667 

0.0 

6.0 

6.000 

0.0 

-6.0 

O.ooo 

l.OOOa 

0.0 

6.0 

6.  ooo 

9/«£* 

0.0 

-7.0 

7.000 

I.30o7 

0.0 

7.0 

7.  JO 

0.0 

6.0 

6.000 

0.0 

^.0 

0.000 

9U/« 

0.0 

10.0 

10.000 

9^0  • 

TEST  CASE  NO.  7 


TEST  NO.  E.S.1 

wuNuiriON:k 

«4J  ■  3.0  MA  a  0.0  (tHA/iMJ  U.Oi»  A/  ft  J  >>60.U 


JET  I>ANAM£1EHS 


AHE  »  0.50 

a  IE. 132 
TOJ  a  E20.  H 

a  91.02  t*ElA 
a  l.oS/  PSlA 
OJ  a  277a.  FPE 


AMOleNl  PAriANeTBl4S 


rOA  a  020.  H 
POA  a  t.olO  POlA 
Pa  a  1.003  Pol  A 
UA  a  o .  PK  O 


MlAlNO  SvMtfEV 

PI  rur  PAE&OOAE.  P&IA  H2  fOltPi  PAACTIuN 


z 

R 

PO 

7 

A 

XH2 

•2.100 

2.007 

2. 0202 

•7.0 

6.010 

0.100 

•1.200 

1.700 

3.2902 

•3.0 

2.03O 

0.200 

•0*900 

l.A/O 

3.3290 

•1.0 

O.OoO 

0.290 

•o.ooo 

1.330 

3.A031 

0.0 

O.ooo 

0.29A 

O.oTO 

0.6eA 

3.0777 

1.0 

1.0o3 

0.203 

1.12S 

O.oOO 

3.0216 

3.0 

3.02  7 

0.2A3 

1.310 

1  .Oo2 

3. 09 70 

9.0 

9.310 

0.073 

1  .620 

1.200 

3.A32A 

1.070 

1.322 

3.HA02 

2.370 

2.000 

3.0929 

2.020 

2.2A3 

3.002A 

2.070 

2.000 

3.00a A 

3.120 

2.733 

2. 9070 

O.ooo 

3.097 

2.0 lOO 

O.OOO 

A. 009  , 

2.2002 

O.ooo 

O.OOA  1 

2. 1920 

7.000 

o.ool 

1.9031 

O.ooo 

7.079  1 

1.0170 

9.000 

0.077  1 

1 

1 .9100 

STATIC  PMESSUME*  MSl 

1 

A 

AEUiyfeAT  TEMPEAaTOAE. 

A 

y 

Z  A 

1  ** 

Y 

z 

A 

r 

— O.o 

0.0  O.A3 

O  1.9039 

0*9 

0.0 

1.092 

037. 

1  .o 

0.0  2.0A 

7  l.e030 

—  1*9 

0.0 

1.092 

3A2. 

2.0 

0.0  3.03 

2  1 .oOoe 

-£•0 

0.0 

1  .oo3 

337. 

o.a 

0.0  0.01 

^  1.7ooo 

0.0 

2.0A7 

033. 

7.0 

0.0  7.013  1.7711 

^•9 

0.0 

A.02A 

32A. 

H«9 

0.0 

0.019 

32  A. 

7*U 

0.0 

7.013 

32a. 

1  ImO 

0.0 

11. oUo 

320. 

125 


TEST  CASE  NO.  7 


TEST  Na.  ii«SO 


CUNUITIONS 


*  3.0  MA  at  o.O  r<HA/K)t1J  a  O*  (>6 


A/  rtj  soO.O 


JET  PA»4AMETEMS  ambient  PARAMETERS 


XM^ 

a 

O.SO 

TOA 

a 

sao> 

R 

MM  J 

a 

POA 

a 

1 .7S0 

PStA 

TOJ 

a 

9^3. 

R 

PA 

a 

1.7  39 

PSiA 

POJ 

a 

E  /.19 

PSlA 

UA 

a 

0. 

FPS 

PJ 

a 

1  atiSA 

PSIA 

UJ 

a 

27oa. 

FPS 

MIXING  SORVEV 


PITOT  PRESSURE.  PSIA 

na  MDEE 

fraction 

Z 

R 

PO 

V 

R 

An2 

-2.100 

1.931 

2.3621 

—9.0 

6.926 

0.169 

-I .2SO 

1.127 

2.6366 

-3.0 

2.930 

0.  192 

-0.9S0 

0.669 

2.6221 

-1.0 

0.969 

0.196 

-O.EOO 

0.7AS 

2.69o0 

0.0 

0.932 

0.196 

0.E7S 

1.209 

2.6167 

1.0 

1  .696 

0.199 

1.129 

1  .a36 

2.6016 

3.0 

3.666 

0.162 

t.37S 

1.675 

2.3639 

6.0 

6.666 

0.  169 

1  .629 

1.916 

2.3923 

6.0 

6.663 

0.120 

1  .679 

2.199 

2.3699 

2.379 

2  .669 

2.2690 

2.629 

2.699 

2.3106 

3.129 

3.369 

2.26e3 

H.OOO 

A.^97 

2.1900 

9.000 

5.292 

2.0696 

6.000 

6.266 

2.0030 

7.000 

7.266 

1.9203 

6.000 

6.266 

1.6293 

9.000 

9.262 

1 .666 1 

static 

PRESSURE.  PSIA 

HE COVER y 

TEMPERA  rUHE. 

R 

y 

2 

R 

p 

y 

2 

R 

T 

-0.9 

0.0 

0.231 

1.7916 

0.9 

0.0 

1.007 

922. 

1  .9 

0.0 

1.993 

1 . 7706 

-1.9 

0.0 

1  .066 

922. 

2.9 

0.0 

2.969 

1 . 799  7 

-2.0 

0.0 

1  .937 

923. 

6.9 

0.0 

6.969 

1 . 7326 

-2.9 

0.0 

2.033 

923. 

0.0 

-7.0 

6.767 

1.7261 

3.9 

0.0 

3.967 

926. 

6.9 

0.0 

6.909 

926. 

7.0 

0.0 

7.606 

926. 

l2.  O 

0.0 

12.662 

929. 
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TeSTCASENO.  8 


TEST  NO*  2.33 


CONDITIONS 


M3  ■  3*0  MA  a  0*0  MHA/RH3  a  O.VS  X/  R3  a20.0 


JET 

PARAMETERS 

AMaiENT 

parameters 

XH2 

m 

0*68 

TOA 

m 

S2m* 

R 

MM3 

m 

10*283 

POA 

m 

1*790 

PSIA 

TU3 

m 

S22* 

R 

PA 

m 

1*773 

PSIA 

P03 

m 

82.22 

PSIA 

UA 

m 

O* 

EPS 

P3 

m 

1*791 

PSIA 

U3 

m 

3370* 

EPS 

MIX1N6  SURVEY 

PITOT  PRESSURE*  PSIA 

n2  mole  ERACTION 

2 

R 

PO 

Y 

R 

Xrt2 

•0*800 

0*816 

16.2440: 

6*850 

0*060 

•0*950 

0*962 

14.3530< 

•3*0 

2*850 

0*310 

•t*2S0 

1*259 

ll*17»7 

•2*0 

1*850 

0*510 

•1*700 

1*707 

6.3025 

•1*0 

0*850 

0*605 

•2*100 

2*105 

4.2642 

0*0 

0*150 

0*620 

•0*380 

0*599 

18*2766 

1*0 

1*150 

0*590 

•0*500 

0*522 

18*7802 

2*0 

2*150 

0*655 

1*125 

1*135 

11*8867 

3*0 

3*150 

0*280 

1*375 

1*383 

9*0830 

6*0 

6*150 

0*130 

1*625 

1*632 

6*7689 

1*875 

1*881 

5*5167 

2*125 

2*130 

3*8288 

2*375 

2*380 

3*1323 

. . 

2*625 

2*629 

2*2677 

2*875 

2*079 

2*6620 

3*125 

3*129 

2*2635 

5*000 

5*002 

1*7591 

6*000 

6*003 

1*8159 

7*000 

7*002 

1*8078 

5*000 

8*001 

1*6015 

9*000 

9*001 

1*8037 

STATIC 

PRESSURE 

•  PSIA 

RECOVERY 

TEMPERATURE*  R 

Y 

Z  ' 

R 

P 

Y 

Z 

R  T 

0*5 

0*0 

0*650 

1*5295 

-3*5 

0*0 

3*350  525* 

1*5 

0*0 

1*650 

1*6232 

6*0 

0*0 

6* 150  530* 

2*5 

0*0 

2*650 

1*6731 

3*5 

0*0 

3*650 

1*7392 

0*0 

-7*0 

7*002 

1*7969 

TEST  CASE  NO.  8 


TEST  NO.  2.19 


C0NOIT10H3 

M2  ■  3.0  MA  m  0.0  NHA/iMJ  ■  0.9T  X/  RJ  aMO.O 


JEV  PARAMETERS  AMU  ENT  PMAMETERS 


AH2 

m 

0.6M 

TOA 

m 

S2ll* 

R 

MM2 

m 

10.2SS 

POA 

m 

1.910 

PSIA 

T02 

m 

S26. 

R 

PA 

m 

1.0MT 

PStA 

P02 

m 

E3.13 

PSIA 

UA 

• 

0. 

PPS 

PJ 

m 

2.021 

PSIA 

02 

m 

33«3. 

PPS 

M1X1N6  SURVEY 

PITOT  PRESSURE.  PSIA 

Ha  MOi^ 

PRACTION 

Z 

R 

PO 

T 

R 

AM2 

-2. 100 

1.919 

5.1552 

•5.0 

5.515 

0.250 

•1.700 

1.522 

5.9571 

•3.0 

2.515 

0.370 

•1.2S0 

1.077 

7.6511 

•2.0 

1.520 

0.555 

•0.950 

0.753 

7.5079 

•1.0 

0.532 

0.510 

•O.MOO 

0.539 

5.1531 

0.0 

0.269 

0.255 

•O.SMO 

0.535 

5.2537 

1.0 

1.205 

0.500 

0.S7S 

1.052 

5.2575 

2.0 

2.195 

0.530 

1.125 

1.329 

5.5305 

3.0 

3.195 

0.350 

1.525 

1.025 

5.5555 

5.0 

5.193 

0.210 

1.M75 

2.075 

5.3555 

2.125 

2.323 

3.7205 

2.525 

2.521 

3.2711 

2.575 

3.071 

3.0205 

3.125 

3.320 

2.7357 

5.000 

5.195 

2.3505 

5.000 

5.193 

2.0590 

7.000 

7.193 

1.9253 

5.000 

5.192 

1.9575 

9.000 

9.192 

1.5515 

STATIC 

III 

1 

lA 

III 

X 

a 

•  PSIA 

V 

z 

R 

P 

0.5 

0.0 

0.715 

1.7555 

1  .s . 

c.o 

1.701 

1.5233 

2.5 

0.0 

2.697 

1.5331 

3.5 

0.0 

3.595 

1.5557 

-5.0 

0.0 

3.515 

1.5503 

-5.5 

0.0 

5.313 

1 .5525 

0.0 

-7.0 

6.513 

1.5555 

TEST  CASE  NO.  8 


TEST  NO. 


CONDIiTlUNS 


!4J  m  3.0  MA  ■  0.0  HHA/tiMJ  •  O.Ott 


X/  HO 


>00.0 


JI£T 

PAHAMCTERS 

AMOIONT 

PAR AmE TORO 

Xh2 

a 

0.00 

TOA  ■ 

520.  H 

MOO 

m 

I0.2OS 

POA  a 

t.«20  PSIA 

TOO 

m 

bOO. 

R 

PA  ■ 

1.702  PSIA 

POO 

a 

03.00 

PSIA 

UA  ■ 

0.  FPS 

Po 

a 

1.000 

P&tA 

uo 

a 

3370. 

PPS 

M1AIN6  SURVeV 

PITOT  PHESSUHE.  PSIA 

H2  MIIJE  PHACTION 

z 

R 

PO 

r  ‘ 

R 

XN2 

MI.OOO 

0.025 

3.4S4S 

—3.0 

2.000 

0.320 

•O.O50 

0.071 

3.3986 

-2.0 

1.000 

0.310 

-1.250 

1.266 

3.3707 

-1.0 

0.600 

0.350 

-1.700 

1.712 

3.0329 

0.0 

0.200 

0.355 

-2.100 

2.110 

2.9363- 

1.0 

1.200 

0.335 

—0.500 

O.olA 

3.Aoa3 

2.0 

2.200 

0.300 

-0.500 

0.530 

3.3019 

3.0 

3.200 

0.285 

1.125 

1.1A3 

3.30A5 

A.O 

A. 200 

0.180 

1.375 

1.309 

3.2702 

1.025 

1.637 

3.1029 

1.075 

1.000 

3.1070 

2.125 

2.13A 

2.0502 

2.375  ' 

2.303 

2.0315 

2.025 

2.633 

2.7631 

2.075 

2.002 

2.7025 

3.125 

3.131 

2.6703 

A.OOO 

A. 005 

2.3005 

5.000 

5.00a 

2.1A70 

7.000 

7.003 

1.0202 

0.000 

O.002 

1.0A33 

0.000 

0.002 

1.0923 

bTATlC 

PMESSORE.  PSIA 

RECOVERT 

TEMPERATURE.  M 

V 

Z  R 

P 

V 

Z 

R 

T 

0.5 

0.0  0.700 

1.65A7 

-0.5 

0.0 

0.300 

540 

1.5 

0.0  1.700 

1.6AI7 

-1.5 

o-.o 

1.300 

537 

2.5 

0.0  2.700 

1.6070 

-2.5 

0.0 

2.300 

530 

3.5 

0.0  3.700 

1. 7722 

-3.5 

0.0 

3.300 

528 

0.0 

-7.0  7.003 

1.7632 

A.5 

0.0 

A.  700 

520 

5.  0 

0.0 

6.200 

515 
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TEST  CASE  NO.  8 


l&aT  .NU*  dmtt 


cuNui  Tiuisa 


MJ  >  4*0  MA  «  0*0 


jfcT  HMAMerci4a 


t*rtA/'4rtJ  »  0*  V/ 


K/  WJ  «  100. 


AMdibNr  rb>4b 


AH^ 

9 

0«oo 

TOA 

9 

3^Sa 

P 

m 

POA 

9 

laVVO 

P&lA 

TOJ 

9 

aidSa 

PA 

9 

k,<»T7 

paiA 

|>UJ 

9 

aVaOO 

Pal  A 

UA 

9 

Ua 

FPU 

9 

^.Ot  1 

p:>t  A 

«i.» 

9 

JJeOa 

FPS 

/ 


\/ 


.4iAlN«a  auHVeV 


>1  Tor  PPcbaOxea  PalA 

nd  autJl 

FMACrtdM 

p 

Pd 

r 

M 

And 

-AaUdO 

Aa^iao 

dadtdd 

~da0 

dadlO 

dalve 

-JaOOU 

.ia^ao 

dadadT 

-2a  0 

dadld 

daddA 

a  UOU 

Aa^au 

daAoOO 

-lad 

laOdl 

Uadia 

-1 aUUO 

1  aaf^U 

daatdd 

OaO 

dadad 

daddA 

0  ao7a 

UaO^a 

d  aa*  tP 

lad 

1  addl 

daddA 

1  at^a 

i3aa7a 

dabd* / 

dad 

dadld 

daddO 

1  a  J/3 

lat^a 

da  atva 

Aa  d 

Aaddd 

da  koa 

1  ae£9 

la^Ta 

da Addo 

a.o 

aaOde 

dalAd 

1  adla 

lao^a 

daAd/A 

^al^a 

1  ad7a 

da AAdd 

<!a  J/a 

da  Ida 

daAO/d 

^ao^a 

dad7a 

da AVad 

4£ae7a 

daoda 

da AOAa 

3al;4a 

daa/a 

daAdad 

AaOOU 

da  /  ad 

dadAdA 

aaUOU 

Aa  7aO 

d.dA/d 

OaUUO 

aa  /au 

dadlOl 

7.U00 

aa  /aO 

da i a7d 

1  ATlc 

PPcabudii 

a  PalA 

M£uuytaK  V 

rilPPe.KATUPba 

r 

L 

A 

r 

d 

A 

1 

0.6 

da  U 

daaad 

—  9 

dad 

daaav 

990* 

1 

dad 

1  add  1 

—  1  •» 

dad 

laadl 

9ja» 

da  d 

daa  Id 

4 

dad 

daaid 

99i  • 

dad 

da  add 

4 

dad 

Aaad/ 

9^V» 

0*0 

— aad 

aadad 

4  •VMO 

9*9 

dad 

aaado 

u*u 

— Oa  d 

oadad 

4*'3#3.»A 

dad 

aadua 

0*0 

-/ad 

/adad 

4  •';#90d 

/•a 
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1 


\- 


l 


j 

;  \ 
i  \ 
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/ 


TEST  CASE  NO.  9 


1£ST  NO* 

CUNUITlONia 

•  0.0  RnA/RHJ  »  l.t>4  X/  RJ  SKO.O 


JtT  RARAMeTbRb 


XH2 

m 

O.a? 

M«J 

3.397 

tor 

a 

32<». 

R 

POR 

m 

91.30 

PSIA 

PR 

m 

1.717 

PSIA 

UR 

m 

A002. 

EPS 

MIX INU 

SURVEY 

PITOT  PRE33URE.  PSlA 

2 

H 

PO 

-2.100 

2.613 

2.0009 

-1 .230 

i.aii 

2.0330 

-0.9S0 

1.330 

2.0343 

0.O75 

0.O33 

a.OOel 

1.123 

0.993 

3.OI0I 

1.373 

1  .  lOH 

3.009O 

1  .023 

1  .394 

2.9390 

1  .073 

1.013 

2.9304 

2.123 

1.043 

2.7930 

2.373 

2.077 

2. 7100 

2  .  o23 

2.313 

2.o730 

2.0  73 

2.333 

2.0333 

3.123 

2.794 

2.0300 

4.000 

3.040 

2. 3000 

3.000 

4.633 

2.1930 

O.OOO 

3.024 

2. 1372 

7.000 

0.0  1  7 

2.0410 

0.000 

7.01.: 

1.0  7e3 

9.000 

0.609 

1.9210 

static  pressure.  PSIA 

Y 

2  R 

P 

-0.5 

0.0  0.403 

1 .0030 

1  .6 

0.0  2.240 

1.0273 

0.0  3.227 

1. 7979 

0.0  3.217 

1.7029 

0.0 

-7.0  7.433 

1.7024 

AMdlENT  PARAMErERSa 


TOA  a  bEa.  R 
POA  m  l.aio  PblA 
PA  m  1.009  PblA 
UA  m  o.  PPb 


H2  mole  FRACriUN 


Y 

R 

XH2 

-7.0 

6.314 

0.437 

-3.0 

2.330 

0.333 

-1.0 

0.3 10 

0.36e 

0.0 

0.OI6 

0.334 

1*0 

1.731 

0.333 

3.0 

3.724 

0.4O7 

9.0 

9.709 

0.233 

RECOVERY  temperature.  R 


Y 

L 

R 

T 

0.3 

0.0 

1.271 

339. 

—  1  .3 

0.0 

0.904 

342. 

-2.0 

0.0 

1 . 3oo 

340. 

-2.3 

0.0 

1.040 

340. 

3.3 

0.0 

4.221 

320. 

4.3 

0.0 

3.21  7 

324. 

1  1.0 

0.0 

1 1 .700 

327. 
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TEST  CASE  NO.  10 


TEST  NO* 

CONOTTIONS 

MJ  *■  3*0  MA  a  0*0  rtnA/HHJ  »  6*  13  X/  HJ  sb0*0 


JET  PAHAMETERS 


XH2  a  l*0(< 

M«J  a  ;i.ai6 

TOJ  a  6SE*  R 
POJ  a  MV.SV  PSIA 
pj  a  1.749  PS I A 
OJ  a  ttSOa.  PPS 


MlXlNte  SURVEY 


PITUT  PRESSURE*  PSIA 


z 

R 

PO 

>0*oOO 

1*7S3 

2.4O07 

-o*«so 

1*097 

2*0300 

>1«2S0 

2*100 

2*59/2 

-2*100 

3*022 

2*0o47 

0*S7S 

0*500 

2*7053 

1.12S 

0.SS7 

2*7537 

1*370 

0*704 

2*75/1 

S*02S 

0*097 

2*7237 

2.020 

1*01S 

2*0557 

2.07S 

2*057 

2*66/6 

3.12S 

2*300 

2*0377 

4*000 

3*le0 

2*4533 

S.OOO 

4*150 

2*2371 

O.ooo 

5*144 

2*1475 

7*000 

6*140 

2*0525 

0*000 

7*130 

1*9279 

9*000 

0*135 

1*9027 

STATIC  RRESSUREr  RSIA 


Y  Z  H  •* 

-0*S  0*0  0*000  IvOAVS 

1*S  0*0  2.IOS  1*0000 

2*S  0*0  3*120  1*0430 

4}  *0  0*0  S*077  1*  799o 

0,0  *-7*0  ('*090  1*0140 


AMuiENT  Parameters 


TOA  a  S2o*  R 
POA  a  1*020  PSIA 
PA  a  1*042  PSIA 
UA  a  0  •  FPS 


no  MOke  FRACTIIM 


Y 

R 

XH2 

-7*0 

0*559 

0*546 

-3*0 

2*o50 

0*002 

-1*0 

1*012 

0*715 

0*0 

1*012 

0*720 

1*0 

1*739 

0*716 

3*0 

3*609 

0*656 

9*0 

9*541 

0*420 

12*0 

12*531 

0*295 

recovery  temperature*  r 


z 

R 

T 

0*5 

0*0 

1*332 

019* 

-1*5 

0*0 

1.332 

elv* 

-2*0 

0*0 

1*739 

622* 

-2*5 

0*0 

2*105 

600* 

3*5 

0*0 

4*096 

594* 

4*  .5 

0*0 

5*077 

503* 

11*0 

0*0 

11*534 

540* 

TEST  CASE  NO.  n 


TEStT  NU.  dm3d 


CONDITIONS 


Na  ■  3m0  MA  ■  2*0 


NnA/RHJ  ■  10*00 


X/  NJ  «20.0 


^et  parameters 


xna  ■  1 .00 

N«J  •  2*016 

T02  a  b2tt*  R 
P02  a  VI .AT  PSlA 
PJ  a  l.aSS  PSlA 
UM  a  Tsso*  MRS 


AMiliENT  Parameters 


TOA  a  a72,  R 
POA  a  12*043  PSlA 
PA  a  1,724  PSlA 
UA  a  1S14*  EPS 


MIXINO  SURVEY 


PITOT  PRESSURE*  PSlA 


2 

R 

PO 

>2*100 

2*107 

6*5633 

-1*700 

1*706 

6*0666 

>1  *250 

1*262 

12*1325 

-0.9S0 

0*065 

14*6697 

>0*600 

0*616 

16*0202 

>0*560 

0*604 

17*1266 

>0*600 

0*526 

17*4020 

1*125 

1*136 

11*0535 

1*375 

1*365 

0*6177 

1*625 

1  *634 

7*0534 

1*675 

1*663 

7*  1436 

2*125 

2*132 

5*2475 

2*375 

2*381 

4*3570 

2*625 

2*630 

4*4766 

2*675 

2*660 

5*4352 

3*125 

3*130 

6*1161 

4*000 

4*004 

8*0703 

7*000 

7*002 

0*2161 

6*000 

6*002 

10*3060 

0*000 

0*002 

0*7002 

STATIC  PRESSURE*  PSlA 


V  2  H  p 

0*S  0*0  0*670  1*0166 

l*»  0*0  1*070  1*2121 

2*5  0*0  2*670  1*6«S1 

3*S  0*0  3*670  1*7740 

0*0  -7*0  7*002  1*7m2S 


n2  MOLE  PRACTION 


Y 

R 

XH2 

-5*0 

4*630 

0*0 

>3*0 

2*630 

0*450 

>2*0 

1*630 

0*620 

>1*0 

0*630 

0*060 

0*0 

0*170 

0*065 

1*0 

1*170 

0*050 

2*0 

2*170 

0*755 

3*0 

3*170 

0*140 

4*0 

4*170 

0*0 

RECOVERY  temperature*  R 


Y 

£ 

R 

T 

>0*5 

0*0 

0*330 

525 

>1*5 

0*0 

1*330 

536 

>2*5 

0*0 

2*330 

520 

-3*5 

0*0 

3*  330 

46/ 

6*0 

0*0 

6*170 

505 
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TEST  CASE  NO.  11 


TSST  NU*  ie>20 


CONDITION!* 


MJ  a  3*0 


MA  a  2.0 


rha/rnj  a  io«eo 


X/  Ra  aAO.O 


\ 

jeT  parameters 


amhxent  parameters 


TOA  a  ATE.  R 
POA  a  13*E03  PSl* 
PA  a  I •SOS  PSl A 
UA  a  PPS 

POJ  a  ae«ae  r-aix 
pj  a  1«E3I  PSIA 
04  a  7AES« 


Ah2  a  1««0 

M«J  a  2.0  IS 

TOO  a  026*  R 


_  A  ▲ 


MIAINO  SURVEY 


PITOT  PRESSURE.  PSIA 


h2  MOkA  PRACTION 


z 

•i^.lOO 

-1.700 

-t«2S0 

•-0.9SO 

-o.ooo 

-O.SaO 

O.aTs 

I.IZS 

i.szs 

l.aTS 
2*  123 
2.023 
3.123 
A. 000 
3.000 
7.000 
3.000 
9.000 


R 

1.727 

1.303 

0.992 

0.791 

0.710 

0.033 

1.321 
1.730 
2.222 
2.A02 
2.70A 
3.192 
3.033 
A.3A7 
9.330 

7.323 

3.323 

9.322 


PO 

7.0093 

7.7112 

9.377A 

9.1A20 

9 .3920 

9.A92I 

7.0A73 

O. 7377 

3.9730 

3.9231 

3. 1309 

9.3903 

3.A9A3 

3.3313 

7.9707 

3.3300 

3.3272 

9.0233 


V 

“3.0 

-3.0 

-2.0 

-1.0 

0.0 

1.0 

2.0 

3.0 

A.O 


R 

A.379 

2.A03 

1.AA0 

0.010 

0.320 

1.T2A 

2.097 

3.000 

A.077 


xn2 

0.200 

0.723 

0.330 

0.910 

0.330 

0.3AO 

0.670 

0.333 

0.030 


STATIC  pressure.  PSIA 


y  z  •* 

0.3  0.0  1.2SA 

1.3  0.0  2.207 

2.3  0.0  3.189 

la.O  0.0  3.387 

0.0  —7.0  0.332 


P 

1.1390 

1.2A39 

1.3391 

1.3329 

1.A333 
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TEST  CASE  NO.  11 


TeST  NO.  2.3» 

CUNOITIONS 

mj  m  3.0  MA  ■  2.0  AHAynH.>  a  9.M  X/  *60.0 


PMAMETERS 


MH2  •  1 .00 

MJ  a  2.0t« 

TOJ  a  »23.  N 
POJ  a  a7.3»  PS1A 
P4  a  1.769  PSIA 
VfJ  a  7620.  PPS 


AMMIENT  PAHAMETERb 


TOA  a  472.  M 
POA  a  13.016  P6lA 
PA  a  1.444  PSIA 
UA  a  lal4.  PP6 


MlatNO  SiNMEV 


PITOT  PRESSUHB.  PStA  N2  MOhA  PRACTION 

I 

! 


< 

R 

PO 

T 

R 

XM2 

•2.100 

2.116 

6.0663 

•3.0 

; 2.760 

0.666 

•1 .700 

1.716 

6.0776 

•2.0 

1.760 

0.766 

•1 .260 

1.276 

6.6720 

•1.0 

1  0.760 

0.630 

•0.960 

0.962 

6.6969 

0.0 

I  0.260 

0.626 

•0.600 

0.636 

6.6731 

1.0 

1  1.260 

0.600 

•0.660 

0.632 

6.6166 

2.0 

1 2.290 

0.660 

•0.600 

0.669 

6.7636 

3.0 

;  3.260 

0.670 

1.126 

1.162 

6.4160 

6.0 

;  6.260 

0.366 

1.376 

1.396 

6.3664 

1 

i 

1.626 

1.644 

6.1693 

1.676 

1.692 

6.3233 

1 

2.126 

2.1A0 

6.6000 

1 

2.376 

2.366 

6.4260 

1 

2.626 

2.637 

6.0326 

2.676 

2.666 

6.9422 

3.126 

3.136 

6.6666 

4.000 

4.006 

6.1247 

6.000 

6.006 

6.1362 

7.000 

7.004 

6.0490 

9.000 

9.003 

6.6666 

STATIC 

PMCSSvME 

•  PSIA 

RECOVERY 

TEMPERATURE. 

R 

y 

Z 

R 

P 

» 

z  - 

R 

T 

0.6 

0.0 

0.760 

1.6192 

•0.6 

0.0 

0.260 

946. 

1  .6 

0.0 

1.760 

1.6306 

•1.6 

0.0 

1.260 

637. 

2.6 

0.0 

2^790 

1.6T63 

•2.9 

0.0 

2.260 

620. 

3.9 

0.0 

3.760 

1.37o6 

•3.6 

O.o 

3.260 

606. 

0.0 

•7.0 

7.006 

1.3537 

6.6 

6.0 

0.0 

0.0 

6.750 

6.250 

692. 

466. 
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TEST  CASE  NO.  11 


Tc»T  '•U* 

uOMutriuN^ 

MJ  a  J.O  VIA  ■  KrM/rtnJ  ■  V.oe  X/  ■  100. 


JilT  PA«4A«ieTBHS 


AMalENf  PAilAMi:  re.Hb 


AH^  a  I.UU 

M«J  a  ^*016 

rOj  a  3^1.  N 

PUJ  a  aXadV  P^tA 
pp  a  i.oaa  P3iA 
UJ  a  /oOS*  PP3 


PlAI.^  bOPVcV 


PiTur  pp 

AOaONE.  PslA 

n2  Otp: 

PPACtlUM 

z 

P 

PO 

7 

0 

Art2 

^•ooa 

a.OaO 

3*7723 

—3*0 

4*400 

0*320 

-3.000 

3*030 

0.0033 

-3*0 

2*400 

0*4B0 

-2*000 

2.000 

3*  7 IV/ 

—2*  O 

1*400 

0*330 

-1*000 

I  *  too 

3*0023 

-1*0 

0*400 

0*340 

0*aZo 

t.Oot 

O*  004 / 

0*0 

o.ooo 

0*340 

l.iao 

1  *2  73 

o<  toil 

1*0 

l.oOO 

0*313 

1  .373 

1  *300 

O*  *230 

3*0 

3*oOO 

0*340 

1  .023 

t.  /32 

3*  OooV 

4*0 

4*oOO 

0*2e0 

1  *o73 

1  *VOV 

0*2243 

3*0 

3*oOO 

0*220 

2*123 

2.20a 

3*  0421 

2.3/3 

2*430 

3* / /40 

2*023 

2.0V3 

0*2320 

2*0/3 

2.V37 

0*3232 

- - 

4.000 

4*043 

0.3V/4 

o.UOO 

O.030 

/.2/II 

/.OOO 

7*020 

/*440l 

OfAIIC  PNbOOpPe.  P31A 

Pdcuoopy  lEMPEMAruPE* 

P 

r 

2 

p 

P 

f 

2 

p 

f 

0*3 

O*  0 

1  *  lOO 

1*3043 

-0»D 

0*0 

0*  too 

312* 

i 

0*0 

2*100 

1*3024 

0*0 

O.vOO 

311* 

0*0 

3*  1  OO 

1*41/0 

4  ab 

0*0 

4*100 

1*4231 

0.0 

—3*  U 

3*030 

1*33/3 

0*0 

— o*  O 

O.030 

1.3/30 

0*0 

-/*o 

7*020 

1  *200V 

rOA  a  «/a»  P 
PUA  a  IJ.asa  P&IA 
PA  a  I./VU  PtelA 
OA  a  tola*  PPO 


136 


TEST  CASE  NO.  12 


TEST  NO*  2.2tt 


CONDITIONS 


•  2*0  MA  ■  0*0 


AMA/HHJ  m 


X/  RJ  «20*0 


/13  > 


JET  PAMAMETcRS 


XH2  a  0*08 
M«J  m  25*888 
TOJ  m  80S*  R 
POJ  a  21*83  PSIA 
PJ  a  1.S36  PSIA 
UJ  a  1737*  EPS 


AMBIENT  parameters 


TOA  a  828*  R 
POA  a  1*800  PSIA 
PA  a  1.800  PSIA 
UA  a  O.  EPS 


MIXING  SURVEY 


PITOT  PRESSURE.  PSIA 


H2  MOUE  ERACTION 


1 

R 

P« 

Y 

*  R 

XM2 

>2.100 

2.201 

2.6313 

—5*0 

8.051 

0*0 

-1.700 

1*802 

3.6183 

-3*0 

2*852 

0.020 

-1.2S0 

1.358 

7.0315 

-2.0 

1.852 

0*080 

-o.vso 

1*05/ 

11.0898 

-I.O 

0.855 

0*070 

-0*800 

0*908 

18.5289 

0*0 

0*170 

0*080 

—0*580 

0*892 

18.9116 

1*0 

1.158 

0.080 

—0*500 

0*615 

20*8992 

2*0 

2*152 

0.030 

1*125 

1*080 

10.0951 

3.0 

3.151 

0.010 

1*375 

1*288 

6.9718 

8.0 

8.151 

0*0 

1*825 

1*536 

8.9718 

1*875 

1*785 

8.0302 

2*125 

2.035 

2.8770 

2*375 

2*288 

2.8775 

. 

2*825 

2*533 

2.2368 

2*875 

2*783 

2*0889 

3*125 

3*033 

1.8687 

5.000 

8.906 

1.8020 

8*000 

3*907 

1 *6788 

7*000 

8*906 

1.8153 

8.000 

7*905 

I *6839 

9.000 

8*905 

1.6058 

lATlC 

PRESSURE 

•  PSIA 

RECOVERY 

TEMPERATURE* 

R 

/' 

Y 

2 

R 

P 

Y 

Z 

R 

T 

0*5 

0*0 

0*657 

1*5592 

-0.5 

0.0 

0.363 

896. 

1*5 

0*0 

1*853 

1*5210 

-1.5 

0.0 

1.353 

899. 

\ 

2*5 

0*0 

2*652 

1.5782 

-2*5 

0*0 

2.352 

510. 

3*5 

0*0 

3.851 

1.5037 

-3.5 

0.0 

3*351 

519* 

0*0 

-7*0 

7.098 

1*8012 

8.5 

0*0 

8*851 

529* 

6.0  ' 

0.0 

8.151 

520. 

TEST  CASE  NO,  12 


1 

I 


TEST  '4a.  2.21 


CONUITIUNS 


J 


MJ  M  2.0  MA  «  0.0  |«HA/RHJ  >  0.90  X/  r*J  sAO.O 


\ 


.:^T  parameters 


AMDIENT  parameters 


xn2 

m 

o.oa 

TOA 

m 

S28. 

R 

m«j 

» 

2S.aaa 

POA 

m 

1.660 

PSIA 

T3J 

m 

SIS. 

R 

PA 

m 

1.6S9 

PSIA 

POR 

m 

11.19 

PSIA 

UA 

m 

0. 

FPS 

PJ 

m 

0.376 

OSIA 

UJ 

m 

17S*. 

FPS 

MIXINO  : 

SURVEY 

PITOT  PRESSURE.  ('SI A 

H2  MOcE 

FRACT 1 ON 

z 

R 

PO 

Y 

R 

XH2 

>2.100 

1.993 

3.3131 

— S.  0 

A. 316 

0.029 

-1.700 

1  .62  a 

3.7171 

-3.0 

2.321 

0.03b 

-1 .260 

1  .231 

A.A39a 

-2.0 

1.330 

0.0A2 

-O.V60 

0.997 

A.b30S 

0.0 

0.727 

O.OAb 

— O.bOO 

0.S9S 

A.767A 

1.0 

1.706 

O.OAO 

-0.S30 

0.77a 

A. 799b 

3.0 

3.697 

0.020 

0.37b 

1.303 

A. 0091 

1  .I2S 

1  .S21 

3.9076 

1  .37b 

2.21b 

3.2310 

2.12S 

2. ASA 

2.793b 

2.62S 

2.937 

2 . bbbb 

2.37S 

3.131 

2.AS09 

3.  12S 

3.A2S 

2.302b 

A.  000 

A. 236 

1 . 993 1 

b.OOO 

S.2/9 

1 .3307 

9.000 

9.2S6 

1.6029 

7.000 

7.263 

1 .63bS 

w  .  OOO 

3.2S9 

1 .0363 

STATIC  PRESSURE,  PSIA 

Y 

z 

R 

p 

O.S 

0.  0 

1  .212 

1 . 6309 

1  .6 

0.0 

2.202 

I.OAIO 

2.b 

0.0 

3.  193 

1 . 6393 

3.S 

0.0 

A.  196 

1.6230 

-A.O 

0.  o 

3.313 

1.6267 

0.0 

-7.0 

6.30b 

1 . 660  7 
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TEST  CASE  NO.  12 


Ife»T  NO» 


CUMOl  T10n:i 


MJ  a  itO  MA  m  0*0 


HHA/MMJ 


X/  >4^  «oU.O 


Jbr  •>At4AM6rei4& 


AHBtewr  l»AKA>4bfeA& 


XH2  a  0.0a 

KtmJ  a _ 2^0 VO _ 

102  a  aOa.  •< 

P02  a  4V.OA  PalA 
P2  a  l.Oaa  Ptkix' 
02  a  t7a2.  PPa 


TOa  a  a^a.  R 
POa  a  l.oaO  PalA 
Pa  a  i.eia  PalA 
UA  a  0. 


MixiNi.  auM^et 


PtTOr  PRli&a<jR£t  PatA 


n2  AUU£  PKACflUN 


i 

•2. too 
»t.yoo 
—0.^0 
—o.aoo 
-o.oao 
—o.aoo 
l.ixa 
>.2?a 
1.620 
i  .670 
2.12a 
2.270 
2.o2a 
2.6/5 
3.125 

а.  OOP 
7.00U 

б. 000 
0.000 


2 

2.27a 

1.677 

1.136 

0.002 

0.761 

0.706 

0.007 

1.260 

1.666 

1.733 

1.061 

2.220 

2.6/6 

2.o7a 

_6_.666 

0.663 

_7_.666 

6.666 


PO 

3.oa3o 
6.1060 
a. 2003 
5. 7063 
a.eO/6 
a. 7022 
a.2372 

а. 07/o 

б.  /ool 
6.0020 
6. 10/7 
3.0/60 
3.0326 
2. 7006 
3.0027 
2.6002 
1 .0600 
1.71»0 
1.0023 


R 

2.7a5 
1.757 
O.  /o/ 
0.20/ 
1  .260 
2.250 
3.236 

5.252 


XH2 

o.;;t5 

O.Ole 

0.02/ 

0.030 

0.02a 

O.Ola 

0.010 

0.0 


S/A/IC  PR5aSURb.  P5lA 


RgCUOfcRY  IdWPt-HAlURfc.  H 


r 

2 

H 

p 

T 

M 

I 

0  sS 

0.0 

0.  /o/ 

1 .o5o6 

0.0 

0.20/ 

36  /. 

1 

0.0 

1.73/ 

1.0660 

-l.a 

0.0 

1.200 

a<:o* 

2.5 

0.0 

2.  /aa 

1.0166 

0.0 

3.256 

3.3 

0.0 

3.  732 

1.O0/7 

0.0 

6.  /32 

0.0 

-/.o 

7.106 

1.3001 

0.0 

0.751 

^ '  V 

\  A. 
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TEST  CASE  NO.  12 


fcbl 

CUNulflONb 

WJ  «  imO  MA  a  U.O  KHAyHHJ  &  O*  UO  A/  M.4  «  100. 


Jet  l»AriAM£T£t4^ 


AMBltlf«T  »>Ar(AMeTkl4:> 


Anj  e  U*Oo  TOa  a  3ee>  H 

^'jj  a  ea«eea  i>Ua  »  lm7^0  psia 

TUJ  «  3^0.  ft  PA  s  l•/t3  P3lA 


POJ 

m 

1  1  >03 

PSIA 

c 

> 

II 

0 .  FPS 

PJ 

m 

l</01i 

P3t  A 

UJ 

m 

1773. 

FP3 

MIAlNti 

SuPVh/ 

pt rur  PP333UP3.  P31m 

H4  ■HUl.e 

PKACTlUrt 

z 

p 

PO 

y 

P 

An4 

— A.UUU 

4.343 

1  .vOt  7 

—3.0 

3.314 

0.043 

-4.000 

4.3A4 

t.Vl /O 

-4.0 

2.444 

0.04/ 

-4.000 

1  .o/o 

1  .  V**a4 

-4.0 

1  .334 

0.O4V 

-1 .OOO 

O.  731 

1 .M43e 

-l.O 

O.OHO 

0.040 

0.473 

1.470 

l.VAAl 

O.O 

O.ohO 

0.040 

1.143 

I.a03 

1  .!4A03 

1.0 

1  .334 

0.04O 

t.473 

l.OAJ 

1  .^*4/4 

4.0 

4.344 

0.043 

1  .343 

4.  040 

1 . J4V3 

H.O 

H.313 

0.043 

1  .073 

4.44^ 

1.^411 

3.  0 

3.3i3 

0.040 

4.143 

4.3  7h 

1 .y04V 

4.4/3 

4.340 

1 .VOoO 

4.343 

4.0ao 

1  .0141 

4.473 

4.414 

1 .  'S1004 

J.t43 

4.330 

1 .3901 

«.uou 

A. <*43 

1.3 /OH 

3.000 

3.A44 

1 .44h7 

3.000 

e.A40 

1 .e4H3 

dfAric 

PPe33iJPe 

»  P3lA 

t 

4 

H 

p 

0.0 

4.04/ 

I./404 

o*a 

—3.0 

H  .04  7 

i . /OOH 

0*3 

0.0 

1.077 

1.744<. 

1 

0.  0 

4. OHO 

1 . 743  7 

0*0 

-o.O 

3.oe4 

1 . 70o  7 

0*0 

-/.o 

O.u  19 

1 . 7030 
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TEST  CASE  NO.  13 


TEST  NU.  2.31 

CUNOITIONS 

MJ  *  i»0  MA  a  2.0  RHA/MHU  m  V.ttt  X/  >20.0 


JET  PARAMETERS 


AH2  a  0.9S 

MMJ  a  3.212 
r03  a  s31.  R 

P02  a  21.«0  PSIA 
PJ  a  1.3T9  PSIA 
U3  a  S067.  FPS 


AMOIENT  PAHAMETERS 


TOA  a  A72.  R 
POA  a  1I.S73  PSIA 
PA  a  t.701  PSIA 
UA  a  t61A.  FPS 


MlXlNtt  SURVEY 


PITOT  PRESSURE.  PSIA 

Z 

R 

PO 

•2.100 

2.191 

7.0063 

-1.700 

1W79A 

9.6360 

•1 .250 

1.350 

16.6970 

•0.950 

1.057 

20.4236 

— o.ooo 

0.912 

22.3306 

—0  .soo 

0.703 

26.6069 

-o.soo 

0.629 

25.3706 

1.12S 

1.077 

16.1220 

1.37S 

1.322 

12.6663 

1.623 

1.566 

9.6323 

1.675 

1.615 

7.6626 

2.12S 

2.063 

5.2679 

2.375 

2.312 

6.6267 

2.625 

2.560 

6.6666 

2.676 

2.609 

6.1066 

3.126 

3.056 

6.0653 

A. 000 

3.931 

0.6616 

5.000 

6.929 

6.0616 

7.000 

6.926 

6.6106 

6.000 

7.927 

6.4669 

9.000 

'  6.927 

6.6966 

STATIC  PRESSURE.  PSIA 

Y 

z 

R  ' 

P 

0.5 

0.0 

0.766 

0.6S60 

1  .6 

0.0 

1.752 

1.0600 

2.6 

0.0 

2.751 

1.1216 

3.5 

0.0 

3.751 

1.3266 

0.0 

-7.0 

7.061 

1 .0266 

M2  MOCE  fraction 


Y 

R 

XM2 

-5.0 

4.751 

0.0 

-3.0 

2.751 

0.370 

-2.0 

1.752 

0.766 

-1.0 

0.754 

0.926 

0.0 

0.262 

0.955 

1.0 

1.262 

0.065 

2.0 

2.251 

0.600 

3.0 

3.261 

0.090 

4.C 

4.251 

0.0 

RECOVERY  TEMPERATURE.  R 


Y 

Z 

R 

T 

-0.6 

0.0 

0.262 

614. 

—  1.6 

0.0 

1.262 

520. 

-2.5 

0.0 

2.251 

6l  7d 

-3.5 

0.0 

3.261 

490. 

4.5 

0.0 

4.751 

6  79. 

6.0 

0.0 

6.260  ’ 

665. 
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TEST  CASE  NO.  13 


T*-Sr  NO. 


CJNOI riUNb 


»  ^.U  MA  a  ^.O 


NMA/KM.J  a  V.od 


.*£1  PARAMCTIkN^ 


ANBtgNr  >»AHANfeffeHat 


XH£  a  0. 

M«.»  a  J.20T 


TOJ  a  B3A.  )* 

POJ  a  22.J0  PSIA 


TOA  a  #72.  H 
POa  a  il.aB3  PBtA 


PI  ror  PP£i.auN£.  PBIA 


NX  MU4i£  PHACflUN 


-2.100 

2.22a 

2.01O1 

-1.700 

l.oao 

l•«070 

—0 .ooo 

l.OOO 

2.2002 

— o.s«o 

O.ooo 

2.2105 

-O.SOO 

O.alo 

2.2ao2 

1.129 

l.Olo 

2.2000 

1.270 

1.200 

2.2010 

1.020 

l.aoo 

2. lOOO 

i.o?o 

1.727 

2.2100 

2.120 

1.070 

1 .0200 

2.270 

2.210 

l.oooO 

2.020 

2.aol 

l.aiao 

5.000 

A.OlO 

l.AOoO 

7.000 

0.012 

1.0721 

0.000 

7.011 

1.0020 

y.ooo 

O.OlO 

1.0102 

2.500 

0.070 

1.092 

o.ooo 

O.olO 

O.OlO 

O.ooo 

0.010 

1.020  0.000 
2.020  O.eoO 

2.o2o 

O.OOO 

0.020 

0.  700 

0.02O 

0.720 

STATIC  PNSBSUPe.  PBIA 


H£VA)VIB«V  TeMPBNAfUNii..  M 


TEST  CASE  NO.  13 


:>  r  .N<j .  ^ .  1 1 


CjNUl Tl UNS 


a  ^.U  a  ^.O  HHA/MMJ  a  Hb  X/  N.i  ■  100. 


J-iT  ►*A><A.'4£Tir«b  mMoIcNT  PxWAMe  (cKb 


An^ 

a 

0*<»3 

TOA 

a 

A/U, 

w 

Maj 

a 

3.Jla 

*>OA 

a 

t3.3o7 

h^ia 

lUJ 

a 

a.!e. 

HA 

a 

>  aV 

|»:>1A 

•>0.> 

a 

^O«o  7 

PalA 

UA 

a 

iota  * 

PJ 

a 

Pat  A 

u.t 

a 

bU«3. 

KPS 

Ml AlNw 

9tJMV£V 

PI lur  PMeaauMa*  naiA 

n3  MU1.£ 

PMAC.T10N 

z 

A 

pO 

» 

M 

An3 
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NOTE: 


APPENDIX  II 

BOUNDARY  LAYER  MEASUREMENTS 


•  Measurements  are  presented  by  increasing  Test  Number 

•  See  Table  V  for  the  cross-reference  of  Test  Number 
to  Test  Conditions 
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BOUNDARY  LAYER  MEASUREMENTS 


TEST  NO.  01.9 


CONDITIONS 


Mj  =  4.0 


0.84S 


T  .  =  S;>8“R  p  .  =  381.7  psia 


Uj  =  4845  fps 


INTERNAL  BOUNDARY  LAYER  SURVEY 

I 

Distance  from  the  noazle  wall,  in  Normalized  pitot  pressure,  Pq/Pqj 


.056 

.080 

.109 

.165 

.248 

.498 

.839 

1.286 

1.736 


.0489 

.0741 

.0940 

.1149 

.1403 

.1307 

.1344 

.1374 

.1330 
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I 


TEST  NO.  1.12 


CONDITIONS 


M.  ■  4.0  Xu  »  1.0  T  .  ■  S29®R  p  .  ■  269.0  psia 
3  ^2 


Uj  ■  8343  fps 


INTERNAL  BOUNDARY  LAYER  SURVEY 
Distance  from  the  nozzle  wall,  in 


Normalized  pitot  pressure,  Pg/p^j 


.084 

.120 

.ISO 

.183 

.250 

.350 

.520 

.820 

1.270 

1.670 


.0623 

.0756 

.0938 

.1061 

.1197 

.1282 

.1284 

.1353 

.1383 

.1406 
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TEST  NO.  1.13 


COMDITIWS 


Mj  -  4.0 


Xpj  ■  1.0  T^j  ■  714*R  -  269.1  psia 


Uj  >  9692  fps  -  2.0 


INTERNAL  BOUNDARY  LAYER  SURVEY 

I 

Distance  from  the  nozzle  wall,  in  Normalized  pitot  pressure,  P^/P^j 


.084 

.120 

.ISO 

.183 

.250 

.350 

.520 

.820 

1.670 


.0569 

.0652 

.0896 

.0995 

.1155 

.1273 

.1313 

.1373 

.1442 
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TEST  NO.  2.42 


CONDITIONS 


=  2.0  Xjj  -  .082  T^^  -  S08*R  -  19.06  psia 


u. 

J 


1742  fps 


INTERNAL  BOUNDARY  LAYER  SURVEY 

Distance  from  the  nozzle  wall,  in  Noimalized  pitot  pressure,  P^/P^j 


.035 

.071 

.101 

.125 

.134 

.201 

.301 

.471 

.625 

.875 


.1193 

.1859 

.2504 

.2677 

.2913 

.3826 

.5484 

.7295 

.7300 

.7173 
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TEST  NO.  2.43 


CONDITIOJS 

”i  “  *H,  -  .954  T  .  -  S30*R 

■'  2  03 

Uj  ■  SOSi  fps  Po««  “  11.368  psia 


INTERNAL  BOUNDARY  LAYER  SURVEY 


Distance  from  the  nozzle  wall,  in 


.035 

.101 

.125 

.301 

.471 

.625 

.875 


EXTERNAL  BOUNDARY  LAYER  SURVEY 


Distance  from  the  nozzle  wall,  in 


.401 

.651 

.901 

1.151 

5.276 

7.276 


I 

I 


p^j  B  20.83  psia 


Normalized  pitot  pressure. 


VPoj 


.3356 

.4422 

.4359 

.5982 

.6362 

.6259 

.6875 


t 

Normalized  pitot  pressure,  P^/P^ 


.2363 

.2982 

.3955 

.5495 

.6122 

.7238 


TEST  NO.  2.44 


CONDITIONS 


=  .682  T  .  »  S24*R  p  .  «  95.11  psia 


3377.  fps 


INTERNAL  BOUNDARY  LAYER  SURVEY 
Distance  from  the  nozzle  wall,  in 


Normalized  pitot  pressure,  Pg/P^j 


.029 

.065 

.095 

.128 

.129 

.295 

.379 

.465 

.629 

.879 

1.615 


.0721 

.1338 

.2004 

.2589 

.2683 

.3348 

.3327 

.3267 

.3266 

.3284 

.3321 
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TEST  NO.  2. 45 


TEST  NO.  2.46 


CONDITIONS 


M.  =  4.0  x„  =  .SS3  T  .  -  S27* 

j  oj 


u.  =  3201.  fps  p  =11.430  psia 


INTERNAL  BOUNDARY  LAYEk  SURVEY 

Distance  from  the  nozzle  wall,  in 

.022 

.0.S3 

.088 

.121 

.129 

.288 

.379 

.458 

.629 

.879 

1.608 


p^j  =  273.7  psia 


Normalized  pitot  pressure, 

.0451 

.0560 

.0813 

.1004 

.1072 

.1381 

.1415 

.1386 

.1385 

.1395 

.1384 


EXTERNAL  BOUNDARY  LAYER  SURVEY 

Distance  from  the  nozzle  wall,  in 

.058 

.308 

.558 

.808 

1.0S8 

1.303 

5.183 

6. 183 

7.183 


Normalized  pitot  pressure,  Pq/Pq.- 

.2603 

.3035 

..3628 

.4380 

.5413 

.6378 

.6925 

.6940 

.7216 
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